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Foreword 


OLUME 060 of the Transactions of The American Society of Mechanical 

Engineers contains the individual papers published during 1938 under 
the sponsorship of the Society’s professional divisions and technical commit- 
tees, including the contributions of the Applied Mechanics Division issued 
originally in a quarterly known as Journal of Applied Mechanics, and the 1938 
Society Records and Index. The technical papers and reports that make up 
this volume represent the Society’s annual contribution to the permanent record 
of mechanical-engineering achievement. Most of these papers and reports 
were presented at meetings of the Society and of its professional divisions and 
local sections and were published in monthly issues, eight being distributed as 
the Transactions of The American Society of Mechanical Engineers and four 
as the Journal of Applied Mechanics. Other papers published by the Society 
but not included in this volume may be located by means of the Index on page 
RI-93 at the end of the volume. 

Because of the fact that material of which this volume is composed was origi- 
nally issued periodically as Transactions, Journal of Applied Mechanics, and 
Society Records, three sets of page numbers will be found. Numbers without 
letter symbols are those of the eight issues of the Transactions, those with letter 
symbol A preceding the number refer to the pages of the Journal of Applied 
Mechanics, which follow, and those with letter symbol RI to the Society 
Records section, which concludes the volume. 

All sections of the Transactions are bound together at the end of the year for 
the convenience of libraries and of engineers who wish all of the papers in per- 
manent form. Copies of the bound Transactions will be found in depositories 
located in selected engineering, university, and public libraries throughout the 
world. A complete list of these depositories will be found on pages RI-89 to 
RI-91 of the Society Records and Index. Copies of the bound Transactions 
have also been set aside for sale. 

The Society Records of the A.S.M.E. for 1938, which form a part of these 
Transactions, are the permanent records of the Society's activities for the year. 
They include lists of committees and memorial notices of deceased members. 
The Index provides a means of locating special A.S.M.E. publications and 
articles in Mechanical Engineering as well as those in the Transactions. 


THE PUBLICATIONS COMMITTEE 
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Chain- or Traveling-Grate Stokers 


By GOSTA ANBRO,' JERSEY CITY, N. J. 


The paper describes the principal difference in construc- 
tion of these two forms of grate and points out that, con- 
trary to an opinion which was prevalent for many years, 
this difference has no bearing upon their fields of applica- 
tion. As the traveling-grate stoker was developed prima- 
rily for burning small-size anthracite, forced draft was a 
necessity and its application to both types has given indus- 
try the only satisfactory stoker for this fuel. Stoker de- 
velopment was accompanied by startling changes in fur- 
nace design which are commented upon, the long rear- 
arch construction now used reducing the solid carbon lost 
with the flue gases. Both types will burn almost any solid 
fuel of suitable size, but low ash content is objectionable 
and coal should be reasonably uniform in size and free 
from dust, the latter giving considerable trouble in plants 
that experience difficulties from tube slagging. 


HE GENERAL appearance of chain and traveling grates is 

too well known to require any description or illustration but, 

judging from experience, to review the principal difference 
in construction of the two may not be superfluous. In both, the 
grate surface is made up of short, narrow bars, approximately 8 
in. long by 1 in. thick. In the chain grate, these bars form links 
of a chain which is as wide as the furnace. In the traveling grate, 
they are dovetailed to carrier bars running across the furnace 
which in turn, aré attached to two or more conveyor chains. 


FausE Opinions ON Sroker DeEsIGN AND FURNACE SHAPE 


For many years the opinion was widespread that this differ- 
ence in construction made the traveling grate more suitable for 
anthracite installations and the chain grate the best in the bitu- 


1 Superintendent of Power, Colgate-Palmolive-Peet Company, 
Jersey City, N. J. Mem. A.S.M.E. Mr. Anbro received his educa- 
tion at the Technical School of Malmo, Sweden, and was graduated 
in 1912 with the degree of M.E. He was a draftsman for a number 
of companies after being graduated. From 1916 to 1918, Mr. Anbro 
was chief draftsman for the Ljusne-Woxna Aktiebolag, Ljusne, 
Sweden. He then served as chief mechanical engineer for the Hylte- 
bruk Aktiebolag, Hyltebruk, Sweden, in charge of power plants, 
repair shops, and drafting room, until 1920, when he emigrated to the 
United States. The first two years in this country were spent as 
consulting engineer for American Galco, Inc., New York, N. Y., 
where he investigated various industrial applications of a new auto- 
matic regulating device. From 1922 to 1925 Mr. Anbro was power- 
plant-efficiency engineer at Eastman Kodak Company, Rochester, 
N. Y. In 1925 he accepted the position of plant engineer at Erie 
City Iron Works, Erie, Pa., and had charge of power and main- 
tenance, shop modernization, and construction of a new power plant. 
Mr. Anbro has been connected with the Colgate-Palmolive-Peet 
Company since 1927 in charge of power at the Jersey City, N. J., 
plant and as consultant for other plants. He designed two recent 
power-plant extensions and also supervised the construction of an 
extension at Jersey City. Recently he was made superintendent of 
power in charge of all plants. 

Contributed by the Fuels Division and presented at a meeting, 
Pittsburgh, Pa., Oct. 27 and 28, 1937, under the joint auspices of the 
Fuels Division of THe AMERICAN Society oF MECHANICAL ENGI- 
NEERS and the Coal Division of the American Institute of Mining and 
Metallurgical Engineers. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until February 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author, and not those of 
the Society. 


minous field. Later experience, however, has proved that these 
preferences in application were not due to fundamental differ- 
ences in construction for today we find chain and traveling grates 
side-by-side in bituminous as well as anthracite plants and results 
are about the same for both. It was rather a case of professional 
inertia and conservatism. Traveling grates were developed ex- 
pressly for burning small-size anthracite. Several years passed 
before chain-grate designers recognized the sifting and ignition 
problems, peculiar to this fuel, and adapted their machine and fur- 
nace design to meet these conditions. After that more years were 
needed to convince anthracite-plant operators that the chain grate 
would do the trick. In the bituminous field, where the chain grate 
had been developed, no valid reason existed for assuming that the 
traveling grate would not work but naturally operators asked: 
Why experiment with something new when we know that a chain 
grate will work? 

A similar situation prevails today with regard to the shape of 
the furnace. Without doubt, a majority of designers as well as 
operators believe that a bituminous-coal furnace has to be shaped 
differently from one that is to be used for anthracite. Still, iden- 
tical furnaces are in operation with anthracite and bituminous 
coal and giving correspondingly good results in both fields. 
Opinions differ as to what is the best shape of bituminous furnace 
but, among anthracite men, the long rear-arch furnace is gener- 
ally conceded to be the best. Why it should not also be the best 
for bituminous coal is a puzzle because all arguments in favor of 
it in the anthracite field apply equally well for bituminous coal. 
However, to find some controversy on this subject is not sur- 
prising when we consider the truly surprising changes in furnace 
design which we shall find in briefly reviewing the development 
of these stokers. 

Early chain grates were approximately 8 ft long. A sprung 
arch, usually less than 2 ft above the grate, covered the front two- 
thirds of the length. The height from grate to heat-absorbing 
surfaces was between 3 and 4 ft. Maximum grate speed was 
around 10 ft per hr. Fuel-burning capacity was usually less than 
200,000 Btu per hr per sq ft of grate area or about 1,500,000 Btu 
per hr per ft of grate width. Customary furnace volumes resulted 
in a heat release of approximately 75,000 Btu per hr percuft. Ex- 
cess air had to be about 150 per cent to hold the ashpit loss below 
10 per cent. It may not be out of the way to repeat here the 
often-forgotten fact that performance of a fuel-burning apparatus 
is given definitely by flue-gas composition and solid-carbon loss. 
To introduce boiler efficiency in this connection is confusing. 

Combustion air for early chain grates was supplied by natural 
draft. The only means for control was the boiler-uptake damper. 
When the fire burned short, most of the air would take the path 
of least resistance through the ashbed at the rear thus increasing 
excess air and reducing capacity. To remedy this, dampers were 
installed under the rear part of the grate, but sealing off air effec- 
tively under a chain grate is a problem which was not solved satis- 
factorily until the advent of forced draft. 


APPLICATION OF Forcep Drarr AN ImporTANT ADVANCE 


Forced draft was applied to the traveling grate from its incep- 
tion because it is a practical necessity for burning small-size an- 
thracite. Early in this development the windbox was divided in 
compartments or zones running across the grate. Air supply 
could then be regulated to each zone independent of the others. 
If the fire burned short, air was shut off from the rear zone. If 
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trouble was experienced with ignition, the air supply could be 
moderated in the front zone and so on. This zoning arrange- 
ment is the most important improvement in the history of these 
stokers. It improved the performance of the chain grate consid- 
erably and made possible burning down the firebed to an ashpit 
loss of approximately 5 per cent with bituminous coal and 8 per 
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Earty CHAIN-GRATE INSTALLATION AND LATER FURNACE TYPES 
FOR CHAIN OR TRAVELING GRATE STOKERS 


cent with anthracite buckwheat and still keeping the excess air 
down to 75 or 100 per cent. Zoning was later applied also to 
natural-draft stokers in the bituminous field and is today standard 
on all chain and traveling grates except small heating installations. 

Application of forced draft to these stokers is another milestone 
in their development worthy of particular attention. We know 
today that application of forced draft to either chain or traveling 
grate and not the invention of the traveling grate gave industry 
its only satisfactory stoker for small-size anthracite. In the bi- 
tuminous field forced draft doubled the fuel-burning capacity per 
square foot of grate area. 


Stroker DEVELOPMENT Causes SIMILAR FURNACE CHANGES 
During these stoker developments, the furnace underwent 
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startling changes. Boilers were set higher and the arch went up 
with them. Only a short part of the arch at the front stayed at 
its original height of from 12 to 18 in. above the grate and became 
known as the ignition arch. Soon the country became smoke con- 
scious and gas-air mixing became a major consideration in furnace 
design. A result of this was the narrow throat formed between 
a long front arch and an overhanging bridge wall. Then we 
started to recognize the importance of furnace volume and design 
in the bituminous field swung from a fire almost smothered by 
arches to one practically without any. In the anthracite field, 
the overhanging bridge wall developed into a real arch. In suc- 
ceeding installations, the rear arch was made longer and conse- 
quently the front arch shorter until finally the original design 
was completely reversed in the modern long rear-arch furnaces. 

The importance of this development can best be appreciated 
if we consider the particular operating problem that it solved. 
Burning out the fuel thoroughly is difficult, and with some coals 
impossible, without passing large volumes of excess air through 
the rear part of the fuel bed. If this air can be brought into com- 
bustion with the gases distilled off at the front, the furnace as a 
whole will operate with minimum excess air and combustible 
flue gas. This can be accomplished with any kind of arch design 
by foreing air and gas together in a reasonably narrow throat and 
by providing temperature and time for complete combustion be- 
tween the throat and the boiler tubes. The long front arch 
places the mixing over the coolest part of the grate, thus causing 
delayed combustion. With the front and rear arch design, mix- 
ing occurs over a hot zone when operating at or near capacity load 
but, with a short fire, the cool part of the grate extends under the 
point of mixing. The long rear arch insures good mixing over 
a hot zone under all conditions and also reduces loss of solid car- 
bon with the flue gas as we shall see later. 

While a skillful operator can obtain good results from installa- 
tions without the rear arch, we must realize that making opera- 
tion easier and less dependent on skill is important. This is be- 
coming increasingly so in view of the tendency to level off the dif- 
ference in wages for skilled and unskilled. Not enough induce- 
ment is left in many places for the extra effort necessary to acquire 
and practice skill. In this era of concern for natural resources, 
it is ironical to find the most important natural resource, that of 
potential human skill, neglected. 

The rear arch has made the chain or traveling grate as eco- 
nomical as any other means for burning non-coking coals under 
medium-sized boilers. Excess air is generally down to 30 or 40 
per cent without combustible flue gases and with an ashpit loss 
down to 1 to 2 per cent for free-burning bituminous, 2 or 3 per 
cent for No. 3 anthracite and approximately 5 per cent for No. 
4 anthracite. 


Sotip-CarBon Losses IN FLUE GAsEs 


Introduction of forced draft did not bring unadulterated bene- 
fits. It made the loss of solid carbon with the flue gases something 
that was no longer negligible. High-velocity air jets through 
the grate lift small coal particles from the fuel bed, and their 
final deposition depends on size, combustion rate, furnace design, 
and fuel characteristics. Larger particles fall back on the grate 
and in a front-arch furnace, land at the rear and are lost to the 
ashpit. Ina rear-arch furnace, they land at the front and repeat 
their travel with the fuel bed. They are also of major importance 
for igniting anthracite in this type of furnace. Finer particles go 
on with the flue gas. For coals with low ash-fusion point a con- 
siderable proportion will deposit on the first rows of tubes and 
constitute a serious slagging problem. The remainder leaves 
the boiler either as pure fly ash, which appears to be the case with 
lignite, or as a mixture of soot, coke, and ash with bituminous 
coals. With anthracite, combustion in suspension does not 
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progress far, and the particles leave the boiler practically with 
their original composition. 

Extended use of coals containing a high percentage of, or com- 
posed entirely of, fines made the problem acute. With No. 4 
anthracite as much as 15 to 20 per cent of the fuel was carried off 
with the flue gas in some installations. As a result, a general 
trend of moderation in design as well as operation started. Com- 
bustion rates, which had been as high as 750,000 Btu per hr per 
sq ft of grate area, are today preferably kept down to 300,000 for 
No. 4 anthracite and 400,000 to 450,000 for No. 3 anthracite 
and bituminous. Furnace volumes sometimes resulted in heat 
releases of more than 100,000 Btu per hr per cu ft but today any- 
thing above 50,000 is generally frowned upon. Furnace throats, 
which in some installations had been squeezed down to 20 per 
cent of the grate area, are today made 30 per cent or larger. As 
a result, loss of solid carbon with the flue gas in modern installa- 
tions is down to from 0.5 to 2 per cent for bituminous coal and 
No. 3 anthracite and between 2 and 5 per cent with No. 4 anthra- 
cite. In some installations, this loss is largely recovered by sepa- 
ration from the flue gas and reintroduction into the furnace. 
Tube slagging also has been reduced considerably by this moder- 
ation in design and operation. 

As development of boilers, economizers, and air preheaters 
increased heat-absorption capacity per foot of width of the instal- 
lations, the chain and traveling grates had to be made longer. 
Stokers approximately 20 ft long are common with 34 ft maxi- 
mum. Fuel-burning capacities, even with today’s moderate com- 
bustion rates, run up to 10,000,000 Btu per hr per ft of width. 

Grate speeds were increased in connection with application of 
forced draft and later as a result of stoker lengthening. In 
forced-draft installations the maximum speed per hour is about 
2 to 2'/, times the stoker length and varies in operation with 
load and fuel-bed thickness. Since fuel beds are generally 
carried heavier with bituminous coal, lower grate speeds are 
found in this field. In general, the proper fuel-bed thickness 
varies, with size of coal, from 2'/; in. for No. 4 anthracite to 12 
in. for bituminous nut. 

Preheated air is used in a number of installations. Too high 
preheat causes trouble from expansion and overheating of grate 
iron. Staying below 400 F is generally considered wise. With 
coals containing high percentages of fines, use of preheated air 
may increase the carry-over of coal with flue gases due to the 
higher air velocity through the fuel bed. 

Overfire air injection, up to 10 or 15 per cent of the theoreti- 
cal amount, is commonly used in the bituminous field. High- 
velocity air jets are employed to improve gas and air mixing in 
anthracite as well as bituminous installations. 
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Furnace water cooling is of great advantage in protecting and 
prolonging life of refractories and alleviating slagging troubles. 
With anthracite it has to be used with some moderation in order 
not to retard combustion. 


Atmost Any Souip FuEL oF SizE Can Be Burnep 


Chain and traveling grates are probably the most versatile of 
stokers with regard to fuel choice. Almost any solid fuel of suit- 
able size, wood, peat, lignite, bituminous coal, anthracite, and 
coke breeze, can be burned. However, definite limitations and 
preferences for efficient operation are found. No operator likes 
to handle strongly coking coals on a chain grate and particularly 
not those from the eastern slope of the Alleghenies. These coals 
need agitation of the fire bed and as yet the chain grate does not 
provide for that. 

Objection to high ash content is general in any kind of coal- 
burning plant, but the chain-grate operator objects also to low 
ash content. These stokers seem to need a certain quantity of 
ash for protection of the grate iron and probably the character 
of the ash also has a bearing on this problem. Six per cent ash 
is generally set as the lower limit for bituminous coals to be 
burned on chain or traveling grates. In the anthracite field no 
danger of getting coal near this limit exists. Ash with high fusion 
point and minimum tendency to flux with refractories is desirable. 
Importance of these characteristics depends on water-cooling 
arrangements, and shape and size of furnace. 

Coal for these stokers should be of fairly uniform size and free 
from dust. Anthracite, as a rule, is sized within narrow limits 
but No. 4 often contains objectionable quantities of dust. Just 
what constitutes dust and how much is objectionable is a matter 
of opinion. In our organization, 12 per cent is the limit permit- 
ted through a screen with */1:3 in. openings. For each 1 per cent 
of this dust, the coal is considered worth '/; per cent less at the 
plant or more than 1 per cent less at the mine. Bituminous coal 
burned on these stokers is generally slack or nut and slack, in 
other words coal which includes all sizes under a certain upper 
limit. 

Dust is particularly objectionable in plants troubled with 
tube slagging and even fines of larger size appear to cause trouble 
with coals of coking tendencies. For these reasons, many plants 
find that paying a premium for sized coal is economical particu- 
larly in high freight-rate areas. As cost of mining and possibly 
also transportation goes up with increased labor rates, cost of ma- 
chine preparations, such as screening, washing, and the like, 
should become relatively less burdensome. As soon as this starts 
to show up in price schedules increasing numbers of stoker 
operators will be ready to take advantage of prepared -coal. 
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Small Underfeed Single-Retort Stokers 


By B. M. GUTHRIE,' CHICAGO, ILL. 


Although concerned with the mechanical development 
of small underfeed single-retort stokers having an hourly 
capacity of 1200 lb and less, the paper specializes on their 
development and application for residential heating. A 
discussion of the various methods of feeding coal is first 
presented and is followed by a résume of the classification 
of stokers on the basis of hourly coal-feeding rates, which 
was recently made by the United States Department of 
Commerce in cooperation with the Stoker Manufacturers’ 
Association. Design and mechanical details of these 
stokers for house heating are commented upon at some 
length, variation in combustion rates with size of stoker 
and grade of coal is touched upon, importance of proper 
furnace volume and height are stressed, and the influence 
on furnace design of the type of load to be carried and the 
essentials of good furnace design are mentioned. Several 
tabulations of data supplement the paper, which thus far 
has been concerned with burning of bituminous coal. 
Brief sections relating to the use of stokers with anthracite 
coal and the heat-control devices for both anthracite- and 
bituminous-coal stokers complete the paper. 


HIS PAPER is concerned with the mechanical development 
Ts the small underfeed single-retort type of coal-burning 

stoker up to those having an hourly capacity of 1200 lb. 
However, the paper will emphasize and specialize on the mechani- 
cal development and application of small underfeed stokers for 
residential-heating use. 


UNDERFEED Metuop oF FEEDING AND BURNING CoAL 


In the early stages of small-stoker development various methods 
of feeding coal from the reservoir or hopper to the area where it 
was to be burned were developed and tried. The traveling-grate 
type of stoker was never developed to the state of dependability 
or adaptability in the smaller sizes. 

The side feed employing a screw conveyor or modification of 
the conventional plunger that would force coal upon a grate in a 
manner simulating the well-known action of the traveling-grate 
stoker in the larger sizes was tried and abandoned at an early date 
on account of numerous difficulties. This method of feeding did 
not insure that refuse would be accumulated at any given posi- 


1 Chief Engineer, Stoker Division, Fairbanks, Morse & Co., 
Chicago, Ill. Mr. Guthrie is chairman of the Engineering Com- 
mittee, Stoker Manufacturers’ Association, and was assisted in the 
preparation of the paper by the following members of the committee: 
A. O. Dady, chief engineer, Combustioneer Division, Steel Products 
Engineering Company, Springfield, Ohio; R. E. Young, product 
and development director, Whiting Corporation, Harvey, IIL; 
and Chester Kay, chief engineer, Stoker Division, Link-Belt Com- 
pany, Chicago, Ill. Cortice H. Hall, research engineer, Stoker 
Division, Fairbanks, Morse & Co., Chicago, IIl., assisted in preparing 
the portion of the paper devoted to anthracite-coal stokers. 

Contributed by the Fuels Division and presented at a meeting, 
Pittsburgh, Pa., Oct. 27-28, 1937, under the joint auspices of the 
Fuels Division of THe AMERICAN Soctety oF MECHANICAL ENGI- 
NEERS and the Coal Division of the American Institute of Mining 
and Metallurgical Engineers. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until February 10, 1938, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


tion. Random accumulation of clinkers on live grate area re- 
sulted in by-passing air from the fuel bed, disturbing coal distri- 
bution, damage to the grate, as well as general dissatisfaction re- 
sulting in requiring frequent attention on the part of the operator 
or user. 

Many mechanical devices were devised for supplying coal to 
the fire by dropping coal over the burning area which is commonly 
referred to as overfeed firing. This method gained more commer- 
cial acceptance than any of the others previously referred to in 
the small-sized units but resulted in periods of operation at low 
efficiency resulting from thinned or burned-out areas around the 
periphery of the base of the cone-shaped fuel bed resulting from 
such a method of feeding coal. Because of the comparatively 
large quantity of fuel present on the grate accurate control of 
heat release by thermostatic means was difficult and widely 
fluctuating temperatures of the heated space resulted. This 
method of firing produced considerable fly ash, comparatively 
high maintenance, and low efficiency. (This type of firing should 
not be confused with sprinkler or spreader-stoker firing.) 

Underfeed firing is accomplished by two general types of con- 
veyor, the plunger or ram and the screw or worm. The former 
has been most satisfactorily applied to stokers having a feeding 
capacity of more than 300 lb perhr. Perhaps the primary:advan- 
tage of this type of conveyor is its inherent adaptability to dis- 
tribute coal evenly through a long, narrow retort. Its most promi- 
nent limiting characteristic is the short distance that coal can be 
conveyed from the hopper to the retort, which necessitates placing 
the former directly. adjacent to the boiler front and limiting 
its capacity to a small fraction of the hourly coal-feeding rate. 
This construction induces limitations on the general application 
of this type of feed to conversion application. 

Screw or worm conveyors for underfeed stokers are most gener- 
ally accepted and used. Although some effort has been made to 
modify the discharge section of the feeding screw to effect delivery 
of coal along a substantial length of the retort, these modifications 
have not been generally adopted by the small-stoker industry. 
This type of conveyor delivers coal to the retort only at the end 
of the screw and distribution along the length of the retort de- 
pends upon details of retort construction rather than of the 
worm although some beneficial effect is probably produced by a 
short taper at the discharge end. The advantage of the screw- 
type machine is that large-capacity coal hoppers, placed at almost 
any desirable distance from the boiler, can be utilized, thus giv- 
ing full access to the front of the boiler for attention to fire or 
Woiler. Generally speaking, stokers employing screw-type con- 
veyors can be manufactured cheaper than those employing the 
ram-type. Perhaps the most limiting characteristic of screw- 
type stokers is the difficulty of securing uniform coal distribution 
over the plan area of along, narrow retort. This largely determines 
the maximum size of stoker employing true screw feed which can 
be designed for single-retort application. To effect more uniform 
distribution in a long, narrow retort in the larger sizes of screw- 
feed stoker, addition of a reciprocating block or blocks in the 
bottom of the retort is successful. 


CLASSIFICATION OF SIZES 


The United States Department of Commerce in cooperation 
with the Stoker Manufacturers’ Association and individual stoker 
manufacturers recently reclassified stokers for statistical purposes 
according to the following hourly coal-feed rates: 


2 
4, 
(4 
ay 
| 
3 
7 
> 
5 


Class 4 300 to 1200 lb 
Class 3 100 to 300 Ib 
Class2 60 to 100 lb 
Class 1 Up to and including 60 lb 


A fifth class was included covering stokers having an hourly feed- 
ing capacity above 1200 Ib. 

Class 4. Details of mechanical design in this group vary widely 
and may employ any of the previously described methods of feed- 
ing coal. Methods of ash disposal vary widely and different 
methods are used to apply power to the conveying mechanism, such 
as steam and hydraulic cylinders and ratchet-type and continuous 
gear-train speed reducers. Similarity in design of stokers is less 
in this classification than in any other of the four classes listed 
above. 

Class 3. Stokers in this group show considerable similarity in 
design. They are almost universally of the screw-feed type 
without auxiliary plungers or other coal-distributing means. Re- 
torts are of rectangular construction employing sectional tuyéres 
and dead plates without air ports for supporting the coal until 
burning iscomplete. This class is almost universally of unit-type 
construction including the speed reducer for driving the coal 
worm, the fan for supplying air to the fire, the hopper, and the re- 
maining mechanism in one complete unit. The principal appli- 
cation of this size is for apartment-house heating and small com- 
mercial use. 

Class 2. This class of stoker is also of unit construction like 
Class 3, but a marked difference in sturdiness of construction is 
usually apparent in this group. These units are of the true 
screw-feed type employing either rectangular or round retorts 
and either sectional or one-piece tuyéres. The entire air passage 
including the wind box is usually designed as a portion of the 
stoker unit and is entirely independent of the setting. Usually 
the control of these units is completely automatic. Inasmuch 
as this class of stoker is installed in small apartments and large 
dwellings, great consideration has been given to appearance 
and quietness of operation. 

Class 1. Bureau of the Census statistics shows that nearly 
seventy per cent of all stoker applications fall in this grouping. 
Because of the increasing importance of this class stoker as indi- 
cated by the high percentage of application, a detailed description 
of construction and principles of application are herein included. 
Class 1 stokers are primarily for home heating. This application 
dictates that design must be simple and attractive in appearance 
and operation, automatic and quiet. The design must lend 
itself to quantity production at low cost. 


DESIGN AND MECHANICAL DETAILS OF CLAss 1 STOKERS 


All Class 1 stokers consist essentially of coal reservoir, screw 
for conveying fuel from the reservoir to the burner head, fan far 
supplying combustion air, speed reducer for driving coal-feed 
worm, and electric motor for supplying motive power for both 
coal feed and air supply. Proportions and general dimensions of 
Class 1 stokers as made by various manufacturers are substantially 
the same and vary only in details of construction. 

Coal Reservoir or Hopper. Coal reservoir may be either a 
hopper built as a part of the stoker unit or the bin into which the 
fuel supplier delivers coal direct. The latter is not a portion 
of the stoker unit and is usually converted from existing fuel-stor- 
age bins. The hopper is an integral part of the stoker unit and has 
been subjected to several modifications. Early designs used open- 
top hoppers of light-gage steel, resulting in unattractive appear- 
ance and soiled units. No inclined surface of the hopper should 
have an angle of less than 45 deg with the horizontal and more 
conservative designers use an angle of 60 deg to insure that coal 
will slide to the conveying screw. For machines up to 35 lb 
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per hr the hopper should have a capacity of at least ten times 
the maximum coal-feeding rate per hour, be reasonably dust- 
tight and made of suitable material to withstand corrosion, and 
be of sturdy construction to insure at least five years’ operating 
life without replacement. 

Coal-Conveying Screw. Coal-conveying screw varies widely 
in details of construction but the fundamental result to be ob- 
tained is the same. The proportion of the screw exposed to coal 
in the hopper will convey not only the fuel included within the 
volumetric dimensions of the screw but also a portion of that syr- 
rounding the screw to the front of the hopper or that part nearest 
the furnace or boiler front. As fuel is forced into the coal-convey- 
ing tube, the excess volume being moved along tends to enter the 
tube and results in a packed condition which produces a tendency 
for the coal to revolve with the screw. For every revolution of 
the screw after the coal enters the tube, it must advance a dis- 
tance equal to the pitch of the screw in the hopper section. Fail- 
ure will result in congestion which will cause excessive packing 
in the feed tube. The more the packing, the greater the tendency 
to pack and when excessive packing starts, enough power cannot 
be applied to move the screw. 

This tendency for coal to rotate with the screw is commonly 
spoken of as “slip.” It may be aggravated or induced by im- 
proper extension of the worm into the retort to insure complete 
discharge of fuel from the coal-feeding tube. The screw must be 
designed so that the ability to convey coal through the hopper or 
feeding section of the screw is considerably lees than that for con- 
veying fuel through the coal tube if a reasonable degree of slip 
is not to result in excessive packing. Thiscan be accomplished by 
designing a screw with a shorter pitch in the hopper section than 
in the coal-feed section, a smaller diameter through the hopper 
and coal-tube sections, or a larger shaft through the hopper than 
through the conveyor-tube section but with uniform pitch and 
diameter throughout its length. Similar results can be obtained 
by restricting feeding through the coal worm by modifying details 
of hopper-base design. The coal-feed screw should be of suitable 
alloy to resist corrosive influences encountered in service. 

Burner Head. The burner head consists of a retort surrounded 
by a wind box and capped with a tuyére. Details of retort design 
are not considered to be’critical in small stokers except that the 
angle of relief in the coal passage must be adequate to enable 
the screw to push out any coke formation that may occur. 
Tuyére construction details are important. Details of the port 
opening determine burning characteristics and, to a high de- 
gree, ability of the burner to fuse refuse into a solid clinker that 
may be easily removed. Tuyéres are commonly one of three 
designs, one-piece, assembled of rings, or assembled of radial 
segments. Some alloying of these cast parts is justified to mini- 
mize oxidation and grain growth. The tuyéres and retort of 
Class 1 stokers are usually round, but sometimes they are rectan- 
gular to adapt a stoker better for special applications. 

Fan or Blower. Air is supplied by a centrifugal fan that is 
mounted either directly on the motor shaft or on the input shaft 
of the speed reducer. It may be of plate or multiple-blade sir- 
roco-type construction, cast in one piece or fabricated from steel, 
and usually supplies approximately 200 per cent of the air required 
to burn the maximum quantity of coal fed by the stoker against 1'/, 
in. water pressure with minimum power consumption. Pressure- 
volume characteristics of the air delivered to the fire are of utmost 
importance. General fan practice would dictate an air-flow sys- 
tem of low resistance which would result in widely varying air 
supply with minor variations in resistance to air flow through the 
fuel bed. This, of course, assumes a fixed-position type of dam- 
per for controlling the air supply. Obviously, with a constant 
rate of coal feed, substantially constant air flow would be desirable 
regardless of the resistance encountered. Early designs tried to 
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accomplish this result by introducing fans and air-flow systems 
including tuyére port openings of high resistance. Thus, the 
principal resistance against which the fan was working was con- 
stant and slight variations in resistance to flow through the fuel 
bed resulted in moderate variations in volume of air flow. 

This type of construction, however, resulted in large fans re- 
quiring excessive power to operate and causing excessive noise. 
High-velocity air entering the fuel bed caused considerable fly 
ash. Modern design practice reverts to the smaller and quieter fan 
previously described, operating in conjunction with an automatic 
air-volume regulator which is responsible for pressure-volume 
characteristics of the air-flow system, and so controls the air flow 
that it is substantially constant regardless of resistance to flow of 
air through the fuel bed or system. This construction utilizes 
low resistance to flow throughout. 

Speed Reducer. Actual horsepower required to convey the 
coal to the burner head is small but the torque required to operate 
the screw averages fifty ft-lb. Occasionally, crushing coal or 
some other unusual condition will double this operating load mo- 
mentarily. Coal-feed screw operates at low speed, usually from 
a fraction of a revolution per minute to not more than 4 or 5 rpm. 
The gearbox to reduce the motor speed of 1750 rpm to that of the 
coal worm is usually simple. First reduction in the mechanical 
speed reducer is a worm and worm-wheel and subsequent reduc- 
tion is either through a ratchet and pawl or a spur-gear train. 
Hydraulic speed reducers employ a pump to force liquid behind 
a piston in a suitable cylinder which operates a driving pawl to 
rotate a ratchet wheel. The hydraulic and ratchet-and-pawl 
type mechanical drives offer several speeds of operation within 
the speed reducer. Mechanical reduction with continuous uni- 
form speed of output shaft frequently employs step-cone pulleys 
to provide several coal-feeding rates. Efficiency of speed reduc- 
ers on Class 1 stokers is usually low, seldom exceeding 10 to 15 
per cent under normal operating conditions. In view of the small 
power transmitted, this characteristic is not as important as de- 
pendable, carefree operation. 

Electric Motors. Motors to be suitable for stoker application 
must provide high locked-rotor and starting torques. Repul- 
sion-induction or capacitor-start motors meet these require- 
ments. Suitable thermal protection should be provided to guard 
against prolonged overloads. The dusty atmosphere in which 
these motors must operate dictates at least drip-proof construc- 
tion, although totally enclosed motors are frequently used. De- 
mand for quiet operation makes rubber mounting of the motors 
imperative. In the Class 1 stokers, power required for the motor 
is about equally distributed between fan and speed reducer. 

Obviously these fundamentaleparts can be designed and as- 
sembled in an infinite number of ways. Early designs were al- 
most exactly the same as, but of smaller proportions than, the 
larger commercial and industrial machines. Subsequent designs 
clearly indicated available manufacturing equipment. Large dies 
and expensive tools were not required for their construction al- 
though the labor involved in their construction was relatively 
high and not subject to material reduction even with large-vol- 
ume production. Current designs reflect symmetry of lines and 
beautiful appearance coupled with maximum utility and adaptabil- 
ity to quantity manufacture. 

Application. As a basis for discussion we must recognize that 
as yet the majority of installations still are on a conversion basis 
being applied to warm-air furnaces and heating boilers originally 
designed for hand-firing with coal. Although some progress 
has been made in the last two years in designing special units 
for stoker firing, not until this year were any appreciable number 
of these units installed and they are still a minor though an in- 
creasingly important factor. The trend also continues toward 
production of smaller units adaptable to the home of four or five 
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rooms or for application to large direct-fired domestic hot-water 
heaters. 


ComBusTION Rates VaRY WITH Size oF STOKER AND GRADE 
oF CoAL 


For short or infrequent peak loads a higher maximum combus- 
tion rate can be tolerated than can be maintained constantly. On 
a straight heating job where maximum-load conditions are .en- 
countered only a few days per year, grate area should be based 
on average-load conditions. In a power job, for example, in a 
laundry, where heavy peak loads of several hours’ duration 
occur daily, the peaks must be the basis of the design. 

High combustion rates involve using better grades of coal with 
ash having a high fusion point and making a clinker that can 
be easily handled. Use of a coal with high sulphur particularly 
indicates necessity of low or moderate combustion rates. Cok- 
ing coals, in general, can be burned at higher rates than free-burn- 
ing coals and with a heavier fuel bed. On Class 1 stokers, com- 
bustion rate must be high enough to insure temperatures that will 
clinker the ash, otherwise complaints of excessive fly ash which will 
be deposited on the heating surfaces will be made. 

High-ash coals require adequate grate area to provide clinker- 
storage space outside the zone of high temperature around the 
tuyéres. If this is not provided, the period between cleanings 
must be made shorter and clinker trouble will be greater. Coals 
of bad clinkering characteristics, particularly those containing 
high percentages of sulphur and having low ash-fusion points re- 
gardless of British thermal unit content, can be burned only at 
low combustion rates and not exceeding the maximum rate of 25 
lb per sqft. If use of such coals is necessary, advisable, or eco- 
nomical, stoker size, grate area, and furnace volume must be in- 
creased so the stoker can be operated on short cycles and with low 
combustion rates and heat release. 

In a hand-fired boiler, the combustion rate is lower than on a 
stoker because available draft is less. On a stoker the combus- 
tion rate is lower than with hand-firing in off periods and much 
greater when the stoker is running. Calculations on combustion 
rate and heat release for stokers are based on running conditions 
only and continuous operation. 

Suggested maximum and minimum combustion rates are given 
in Table 1. These rates should be considered as data, not as rec- 
ommendations. Larger grate areas with resulting low rates 
generally will result in better operating conditions. 

Heat release per square foot of grate area is equal to rate of com- 
bustion multiplied by British thermal units per pound of the fuel 
used. Table 1 shows that this covers a wide range, increasing 
with the capacity of the stoker. 

The area of the live grate furnished by the original manufac- 
turer may be used as a rough measure of the maximum output 
that may be expected from any furnace or boiler on which the rat- 
ing cannot be determined otherwise. Values in Table 2 repre- 
sent averages used in designing small warm-air furnaces and steam 
or hot-water boilers and may be used for estimating capacity. 

When the desired combustion rate has been established, the 
grate area is thereby determined. Limitations imposed by size 
or shape of the boiler or setting requirements may necessitate 
departures from the ideal grate area. Standard dead-plate lay- 
outs are designed to cover a range of grate areas for each stoker 
size which will fit almost any standard boiler, furnace, or firebox. 
Selection of the correct dead-plate combination from the list 
should be made on the basis of 


(1) Correct grate area 

(2) Clearance at sides and ends for refractory 

(3) Provision for protection of water legs, if required 
(4) Accessibility for cleaning fires 
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TABLE 1 SUGGESTED MAXIMUM AND MINIMUM COMBUSTION RATES FOR STOKERS 


——— Class 14 ~ 


Classes 2, 3, and 46 ition 


Stoker capacity, Ib. 
per hr 20.0 30.0 40.0 50.0 75.0 100.0 150.0 250.0 350.0 500.0 700.0 900.0 1,200.0 
Minimum grate area, 
sq ft 2.4 3.2 40 66 63 36:5 31.3 
Maximum combustion 
rate, lb per hr 13.0 14.0 15.0 16.0 19.0 25.0 31.0 38.0 44.0 45.0 48.0 50.0 56.0 
Maximum grate area, 
sq ft 3.2 4.0 5.0 6.5 9.0 9.0 15.0 16.0 18.4 22.9 30.5 33.0 33.0 
Minimum combustion 
rate, lb per hr 5.6 6.3 7.0 7.8 8.0 11.0 15.0 16.0 19.0 22.0 27.0 27.0 36.0 
® Refractory hearth; no dead plates. 
b Commercial and industrial. 
TABLE 2 HAND-FIRED OUTPUT BASED ON GRATE AREA 
(Warm-air furnaces) 
Gravity ~ Circulation 
Heat release 
60,000 per square foot 84, 000 
of grate area, Btu 
Combustion Heating value Combustion 
Efficiency Output, rate, lb of coal rate, lb Output, Efficiency 
per cent sq in.? Btu per sq ft Btu per lb per sq ft sq in,? Btu per cent 
45 185 27,000 6.0 10,000 8.4 200 38,000 45 
50 210 30,000 5.5 1,000 7.6 290 42,000 50 
55 230 33,000 5.0 12,000 7.0 320 46,000 55 
60 250 36,000 4.6 13,000 6.5 345 50,000 60 
(Steam or hot-water boilers) 
—Less than 4—————_—_— — Grate area, sq ft to 8- 
Heat release per 
65,000. square foot of 104,000 
grate area, Btu 
Combustion Heating value Combustion 
Efficiency, EDR, Output, rate, lb of coal, rate, lb Output, EDR, Efficiency, 
per cent sq ft Btu persqft Btu per lb per sq ft Btu sqft per cent 
45 120 29,300 6.5 10,000 10.4 46,800 195 45 
50 135 32,500 5.9 11,000 9.5 52,000 216 50 
55 149 35,800 5.4 12,000 8.7 57,250 230 55 
60 162 39,000 4.6 14,000 7.4 62,500 260 60 


@ Output in square inches is the number of square inches of leader pipe supplied per square foot of grate, using 


an average value of 145 Btu per sq in. of leader area. 


Rating of furnace = Grate area X output at operating efficiency. 


Where a setting is made at floor level, and the dead plates lay 
above the plane of the bottom of the water leg in firebox boilers, 
refractory protection is not necessary at the sides, and plates need 
be only 1!/, to 2 in. narrower than the firebox to allow for the ex- 
pansion that takes place when plates are heated. On the other 
hand when the stoker is pitted or the boiler raised, dead plates or 
grates must be narrowed from 6 to 10 in. to provide the necessary 
refractory protection for base and water leg. Exact allowance for 
refractory must be determined by considerations of stoker size, 
height of refractory wall, design of boiler base, and thickness of 
water leg. Where the question arises whether to use a narrower 
dead plate or to sacrifice refractory protection for the side walls, 
the former alternative generally is to be preferred. The narrower 
grate may increase frequency of cleaning but insufficient refrac- 
tory certainly will result in high maintenance and possibly in 
damage to the boiler. 

The ratio of grate length to grate width should not exceed 
21/3 to 1 if most effective use of the area is to be expected. Distri- 
bution of fuel and ease of operation are best obtained on grates 
within this limit. 

On some older types of cast-iron boiler, where pitting is neces- 
sary the base is so narrow that provision of proper refractory will 
narrow the firebox too much to permit a dead plate of sufficient 
width to provide satisfactory clinker storage. In such cases the 
better course is to discard the old base entirely and support the 
boiler on a new brick base. This usually can be done with little 
sacrifice in width. 

Furnace VOLUME 


Furnace volume as defined in the Code of the Steel Heating 
Boiler Institute as follows: 


shall be considered as the cubical contents of the space between the 
bottom of the fuel bed (the top of the dead plates or the hearth) and 


TABLE 3 CUBIC FEET OF FURNACE VOLUME FOR COALS OF 

DIFFERENT HEATING VALUES AND POUNDS OF COAL BURNED 

PER CUBIC FOOT OF aati FOR VARIOUS HEAT 
> 


Heat release 
per cubic foot 


of furnace Heating value of coal, Btu per lb 


volume, Btu 9,000 10,000 11,000 =12,000 14,000 
(Furnace volume per pound of coal, cu ft) 
35,000 0.257 0.286 0.314 0.343 0.372 0.400 
40,000 0.225 0.250 0.275 0.300 0.325 0.350 
45,0 0.200 0.222 0.244 0.267 0.289 0.311 
50,000 0.180 0.200 0.220 0.240 0.260 0.280 
55,000 0.164 0.184 0.200 0.218 0.236 0.254 
60,000 0.150 0.167 0.184 0.200 0.216 0.234 
(Coal burned per cubic foot of furnace volume, lb) 

35,000 3.90 3.50 3.18 2.96 2.70 2.50 
40,000 4.44 4.00 . 66 3.34 3.08 2.80 
45,000 5.00 4.50 4.08 3.75 3.46 3.22 
50,000 5.55 5.00 4.54 4.17 3.84 3.58 
55,000 6.12 5.55 5.00 4.58 4.23 3.93 
60,000 6.66 6.00 5.45 5.00 4.67 4.28 


the first plane of entry into or between the tubes. The furnace 
volume of a boiler, for the rating, shall be not less than one cubic 
foot for every one hundred and forty square feet of steam rating. 


This, approximately, is equal to a heat release of 50,000 Btu per 
cu ft of furnace volume per hour. On small sizes, in heating jobs, 
where full-load conditions are encountered for only a few days dur- 
ing the year, this rate may be exceeded. Heat releases in excess 
of 60,000 Btu per cu ft per hr should be used with caution only 
in exceptional cases and then only on all-water-cooled furnaces. 
Power jobs, on the other hand, with heavy peak-load conditions 
occurring regularly, may require a reduction of heat release to as 
low as 35,000 Btu per cu ft per hr; particularly where coal is high 
in ash or has bad clinkering characteristics. 

On brick-set boilers, space back of and above the top of the 
bridge wall may be considered as part of the furnace. If this can 
be done without reducing flame clearance below the required mini- 
mum height, one fourth to one third of the total furnace volume 
may be back of the bridge wail, the remainder over the stoker 
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dead plates. Horizontal return-tubular boilers, straight-tube 
horizontally baffled water-tube boilers, or compact welded heat- 
ing boilers have effective combustion space back of the bridge wall 
which may be used as part of the required furnace volume. 

Table 3 gives cubic feet of furnace volume required for coals of 
different heating values at specified heat releases. This relation 
can also be expressed as pounds of coal burned per cubic foot of 
furnace volume. These values for specified heat releases are 
given in the lower portion of the table. 

Furnace volume to a large extent determines the efficiency 
that may be realized on any installation, for it determines the time 
required for the combustion air to pass through the furnace. 
Time is required for mixing of gases and completion of combus- 
tion before the gases pass into the water-cooled portion of the 
boiler and are quenched by relatively cool surfaces. If the fur- 
nace is too small to permit complete burning, the result is smoke 
and low efficiency. 

Since the flue gas per 10,000 Btu liberated in the furnace is al- 
most exactly the same for all coals, being 8.1 lb with no excess 
air or 12 lb with 50 per cent excess air, the British thermal unit re- 
lease is an easily found and correct way of comparing furnaces 
and a basis for use in their design. 


FurNAcE 


Furnace height is defined as the vertical distance from the top 
of the tuyéres at the center of the retort to the nearest heat-ab- 
sorbing surface; i.e., average height. 

If the plan area of the furnace is assumed to be equal to the grate 
area, which is the general case, then the height required for any 
desired heat release will equal the furnace volume divided by 
area. This is equivalent to saying the height required is pro- 
portional to the rate of heat release per square foot of grate area. 
Thus, if we assume, for example 


Heating value of coal = 10,000 Btu per Ib 
Combustion rate = 12 lb per sq ft 

Heat release = 10,000 X 12 = 120,000 Btu per sq ft 
Desired heat release = 60,000 Btu per cu ft 


Then 
Height = 120,000/60,000 = 2 ft 


In the same way, the height of furnace required for any combus- 
tion rate and any desired heat release per cubic foot of furnace 
volume can be calculated. Certain minimum heights are required 
to prevent the flames of the burning gas from being quenched by 
contact with water-cooled surfaces of the boiler. If increasing 
the minimum value for either factor is necessary to obtain the 
minimum value for the other, this must be done. Minimum and 
preferred furnace heights for stokers of various capacities when 
used with steel and cast-iron boilers are given in Table 4. 


TABLE 4 MINIMUM AND PREFERRED FURNACE HEIGHTS 
FOR STOKER SETTINGS 


Stoker capacity, Steel boilers, Cast-iron boilers, 
————lb per hr-———- ft——_—__. -——— ft 
Minimum Maximum Minimum Preferred Minimum Preferred 

50 75 27 33 21 24 

100 150 30 36 24 28 

150 300 36 42 27 32 

300 500 40 48 30 36 

500 44 54 

1200 48 60 
1200 2000 60 72 


Factors INFLUENCING AND PRIME ESSENTIALS OF FURNACE 
DEsIGN 


In any case, the furnace should be designed with reference to 
type of load to be carried such as (a) heat, (b) power, (c) process, 
and combined. Thus, on a heating load, the setting should be 
designed for a normal heat release under average operating con- 
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ditions. If adequate for such conditions, it will be satisfactory 
under short-time heavy-load conditions imposed during pickup 
and extreme weather conditions. 

On a power load, consideration must be given to peak-load con- 
ditions both in respect to frequency and duration. Where peaks 
are of less than 1 hr duration and 3 hr or more apart, they may 
be of relative importance, and the design may be based on 
normal full-load output. Where peak-load conditions are longer 
or occur more frequently, design should be based on peak loads. 

Process loads generally are uniform and continue over several 
hours. They usually are combined with power and heating loads, 
and detailed analysis is required to insure that both stoker and 
furnace are adequate to carry these combined loads under such 
conditions as will cause them to occur simultaneously. 

On all industrial loads, the better practice is to err on the side 
of too low a heat release than one that is too high. Excessively 
high heat release will result in higher furnace temperatures and 
maintenance costs, more difficult and more frequent cleaning, 
use of better and more expensive grades of coal, inability to 
increase rating further, and, in general, a less flexible and less 
satisfactory job. 

Prime essentials of good furnace design are (a) correct propor- 
tions, (b) moderate combustion rate, (c) adequate furnace volume, 
and (d) sufficient flame clearance. These alone are not suffi- 
cient, however, to assure operation at high efficiencies unless pro- 
vision is made to assure thorough mixing of gases. In most 
cases, correct design of bridge walls and baffles will insure such 
mixing, but additional overfire air from orifices in the bridge wall, 
through wall tuyéres supplied from the stoker blower, or by 
steam jets through the front wall of the setting may be required 
to handle heavy overload conditions. 

The bridge wall has a dual function to perform; as a retaining 
wall at the rear of the furnace to limit spread of the coal and di- 
rect the stream of gases upward from the fire and cause them to 
become more thoroughly mixed. It also reflects radiant heat 
back into the fire and thus promotes ignition. The quantity of 
reflected heat is easily controlled by varying the height of the 
bridge wall or the slope of the face. Early stoker installations 
generally used low bridge walls, which were only high enough to 
retain the fuel bed, in an endeavor to compensate for lack of 
height. Effects of mixing and reflected heat were entirely lost in 
such cases. 

Specific rules for design of bridge wails cannot be made but each 
case must be individually studied. In general, however, high- 
heating-value, high-fusion-ash, low-volatile coals require a high 
bridge wall with a straight front face, while high-volatile, low- 
ash-fusion temperatures require a lower and more sloping wall. 


ANTHRACITE APPLICATION 


While construction details of the anthracite burner differ 
greatly from the bituminous burner, fundamental elements are 
the same and details are modified to meet burning requirements 
of this coal. Coal-feed capacity of anthracite burners ranges 
from 10 to 100 lb per hr. The majority manufactured and in 
use today are below the 50-lb size. Sizes of anthracite most 
adaptable to this type of equipment are rice or No. 2 buckwheat 
and No. 1 buckwheat. A number of factors must be considered 
in selecting the type or grade of this fuel, such as its burning 
characteristics, ash-fusing point, sizing, and blending. 

Most important is sizing; that is, all pieces should be of approxi- 
mately the same size. Too much undersize or dust reacts against 
efficient burning as the small particles burn up quickly and the 
ash from them tends to fuse to the larger pieces, thus forming 
clinkers. In some cases, these clinkers cause fissures in the fuel 
bed permitting entry of free air into the combustion chamber and 
thus reducing the efficiency. Too much oversize results in high 
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ashpit loss as the time between when fuel enters the retort and is 
discharged over the edge or outside of the burner is comparatively 
short. Hence, larger particles are not fully consumed. Excess 
oversize should be guarded against. 

Blending has a definite effect on burning or what occurs during 
combustion. By this term is meant mixing of coal from many 
different operations or mines, and coal mined from different levels 
as each has a different burning rate. A mixture of coals having 
approximately the same burning rate gives much better results 
than coals of opposite characteristics. In other words, free- 
burning and slow-burning anthracite should not be mixed to ob- 
tain best results. While either coal if burned separately will 
give equally good results, their combination may cause consider- 
able trouble on an underfeed burner. 

Ash-fusion point must be considered. If too low, the fuel bed 
will mat together during combustion and form clinkers, which 
will break up the fuel bed, again resulting in reduced efficiency. 
Specifications have been adopted by manufacturers of anthracite 
underfeed stokers under the supervision of the National Bureau 
of Standards, as follows: 


From 3!/2 to 9 per cent* 
Not to exceed 15 per cent 
ca Not to exceed per cent 
12,000 or over per lb 
Ash-fusion temperature........ 2750 F or higher 
® Dry basis. 
Sizing 


No. 1 buckwheat, through °/is in. over 5/i¢ in. round-mesh screen 

No. 2 buckwheat or rice through 5/16 in. over °/15 in. round-mesh 
screen 

Allowable undersize—15 to 7!/: per cent 

Allowable oversize—10 per cent 


Physical Properties 


Conchoidal to rectangular 


Coal with a rectangular fracture in most cases gives better 
performance than a flat structure although the shape of the coal 
does not necessarily determine its burning qualities. The anthra- 
cite industry is giving much care to preparing and grading junior 
or small sizes adhering closely to the published standards indi- 
cated above. 


Heat Controts For Cuiass 1 Bituminous AND ANTHRACITE 
STOKERS 


No technical paper or nontechnical discussion concerning 
small underfeed stokers would be complete or satisfactory with- 
out some reference to the importance of heat controls in operation. 
Especially is this true of Class 1 stokers for burning both anthra- 
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cite and bituminous coals because of their application in thou- 
sands of cases to residential heating boilers and furnaces, where 
in the majority of instances, owners and users are not familiar 
with control problems or stoker operation. 

Class 1 stoker controls consist of three units. These are (a) 
the primary control, usually a thermostat; (b) a limit control, 
which is either a pressure control, boiler-water-temperature con- 
trol, or Bonnet air-temperature control depending upon whether 
the heating system is steam, vapor, hot water, or warm air; and 
(c) the hold-fire control which may be either a time-operated 
mechanism to operate the stoker for a predetermined time at a 
predetermined level or a thermally operated device to operate 
the stoker when the temperature of the fire indicates that it is 
in danger of becoming extinguished. The thermostat, although 
most commonly of plain-pattern design that performs uniform 
control continuously, is sometimes of clock design to maintain a 
lower temperature during the night or other desired periods. 


CONCLUSIONS 


Fundamentally, the small underfeed single-retort type stoker 
produces the desired chemical action between coal and oxygen to 
generate heat in a controlled manner. Great flexibility in action 
is required. These requirements are as follows: 


(1) Handling and burning bituminous and anthracite fuels of 
widely varying chemical constituents and characteristics. 

(2) Consuming this variety in a great assortment of firebox 
construction and boiler or furnace designs. 

(3) Generating the required heat, steadily or intermittently, 
and automatic banking for indeterminate off-periods. 

(4) Acceptable over-all efficiency of stoker and heating plant 
under foregoing conditions. 

(5) Operation at all times without objectionable smoke. 

(6) Adaptability of stoker to firebox is accomplished by proper 
location of the retort, both horizontally and vertically and bridge 
walls. 

(7) Supply of heat is maintained by the room-thermostat, 
steam-pressure, or hot-water control. Further flexibility is ob- 
tained by a choice of coal-feeding rates and control of air flow. 
Banking is controlled by a time-interval switch (hold-fire control) 
or a breeching thermostat. 

(8) Over-all efficiency is the result of these actions and control- 
ling devices; smokeless combustion is obtained also by employ- 
ment of the underfeed principle of firing together with uniform 
delivery of fuel and proper combustion space. 

(9) Unity of thought in basic design. 

(10) Constant improvement in basic stoker design and con- 
struction leads to profitable volume manufacture of the single- 
retort underfeed type of stoker with particular reference to stokers 
in Class 1 group. 
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Selection of Coal for Pulverized Firing 


By B. E. TATE,'! DAYTON, OHIO 


While sulphur, phosphorus, and hydrogen may, in a 
consideration of the entire boiler unit with its heat-re- 
covery apparatus, render an otherwise satisfactory coal 
unsuitable for that particular installation, certain other 
characteristics are of primary importance in selecting 
fuel for a powdered-coal-fired furnace. These character- 
istics are (a) use value, (b) heat content, (c) grindability, 
(d) volatile content, (e) moisture content, (f) ash-fusion 
temperature, (g) ash content, (h) size of coal, (i) foreign 
material, and (j) fly-ash characteristics. All of these are 
concisely but comprehensively discussed in the paper and 
are supplemented in some instances by experiences of the 
author, tabulations, and illustrations. 


O SAY that any kind of coal can be burned with any type of 
coal-burning equipment, with some degree of success is 
probably a safe statement. 

Contrary to the rather widely held impression that any kind 
of coal is suitable for pulverized firing, as much difference can be 
obtained between the use of a suitable and an unsuitable coal with 
pulverized-coal-firing equipment as with the average stoker. 
Pulverized-coal firing can probably be adapted to burn success- 
fully any coal mined. However, if the installation is designed to 
handle one specific type of coal, other coals will give trouble in 
that installation. I know of no coal at any price which can be 
called the ideal coal and would work most successfully in any 
powdered-coal installation; nor do I know of any pulverized-coal 
installation anywhere which will handle, with equal success, any 
coal mined: In selecting a coal for a powdered-coal-fired fur- 
nace, we must, therefore, first consider the specific requirements 
of that particular installation. 

The following characteristics must be given first consideration 
in selecting coal for such use: 


(1) Use value 

(2) Heat content 

(3) Grindability 

(4) Volatile content 

(5) Moisture content 

(6) Ash-fusion temperature 
(7) Ash content 

(8) Size of coal 

(9) Foreign material 

(10) Fly-ash characteristics 


1 Chief Engineer, National Cash Register Company, Dayton, 
Ohio. Mr. Tate received his education at the Missouri School of 
Mines and Metallurgy, and at Washington University. He has 
been associated with the Union Electric Light and Power Company 
of St. Louis and the Central Illinois Public Service Company as 
combustion and efficiency engineer; also with the Middle West 
Utilities Company as assistant vice-president in charge of refrigera- 
tion. He has occupied his present position for a number of years. 

Contributed by the Fuels Division and presented at a meeting, 
Pittsburgh, Pa., Oct. 27-28, 1937, under the joint auspices of the Fuels 
Division of Toe AMERICAN SocieTy OF MECHANICAL ENGINEERS and 
the Coal Division of the American Institute of Mining and Metal- 
lurgical Engineers. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.F., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Other items, such as sulphur, phosphorus, and hydrogen, may, 
when considering the entire boiler unit with its heat-recovery 
apparatus, render an otherwise satisfactory coal unsuitable for 
that installation. However, those items are equally applicable 
to stoker or hand-fired installations, along with delivered price 
and storing quality and will not be discussed in this paper. 


Use VALUE 


At the top of the list is an item which, for lack of any better 
name, has been designated “use value.” It has been given that 
prominent position because of its importance. By use value 
is meant the value of the coal when considering its effect, not 
upon cost per 1000 lb of steam produced, but upon the entire 
plant cost. The use value of a coal may materially reduce the 
total plant cost while raising the cost per 1000 lb of steam, or vice 
versa. Such a condition could occur in a plant having one mod- 
ern, efficient, high-pressure turbine and boiler, with its reserve 
turbine capacity comprised of older, less efficient, low-pressure 
units. If the output of that efficient boiler unit was limited by 
the capacity of its pulverizers and if that output with a favorable 
coal was just sufficient to care for the requirements of the high- 
pressure turbine, then use of another coal of equal heat value 
but more difficult to pulverize or coal of equal grindability but 
having lower calorific value would necessitate operation of one of 
the less efficient turbines, which would of course result in in- 
creased steam consumption and increased total plant cost, even 
though boiler efficiency and fuel cost per 1,000,000 Btu and cost 
per 1000 lb of steam from and at 212 F were the same. 

The following example shows the calculated effect upon fuel 
cost by use value as influenced by grindability alone, in a plant 
with which the author is acquainted: _ 

(1) Boiler efficiency, cost per ton, and heat content of the coal 
is assumed to be identical for both fuels. 

(2) Coal A is friable; while B is a hard coal and difficult to 
pulverize. 

The plant has two modern high-pressure turbogenerators of 
5000-kw capacity each and one obsolete, low-pressure, inefficient 
unit of 2500 kw. The high-pressure boiler output is limited by 
pulverizer capacity. With friable, high-grade coal, it will pro- 
duce 90,000 lb of steam per hour, which is sufficient for the 
9000-kw load to be carried. With an extremely hard coal, it will 
produce but 65,000 lb per hr which will develop but 6500 kw, and 
the remaining 2500 kw must be generated by the low-pressure 
turbine at a 17-lb, instead of at a 10-lb, water rate. To carry a 
9000-kw load for 30 days requires an additional expenditure of 
$3308 with the use of coal B in place ot A, even though heat con- 
tent and delivered price of the two coals are identical. This 
increased fuel cost is equivalent to an increase in price of 89 cents 
per ton for coal A. 

Use value may affect fixed charges of a plant. Such costs are 
just as realistic as operating costs. If a favorable coal will per- 
mit an output of 100,000 lb of steam per hour from a pulverized- 
coal-fired boiler unit, a less-favorable coal will readily restrict the 
output to 60 per cent of that quantity. In such a case, if 100,000 
lb is required, either additional pulverizers or an additional unit 
would have to be installed, which would, of course, result in in- 
creased charges due to taxes, depreciation, and interest. 

Use value of coal is a most important consideration. It may 
be affected by one or a combination of the characteristics of coal. 
No formula is known by which its value can be determined, 
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Individual plant requirements control it. A premium of as much 
as $1 per ton for coal may readily be justified for a 2600-F ash- 
fusion coal instead of a 2400 F, or for a high-calorific coal rather 
than one of low-heat content, or for a dry coal in place of one con- 
taining excessive surface moisture. 


Heat Content 


The next characteristic on the list is “heat content.’’ This item 
can be readily translated into monetary value. With coals of 
equal grindability, output of the unit, when governed by pul- 
verizer capacity, will vary directly with heat content of the coal. 
The value of heat content through its effect on use value may 
be greatly magnified, however. 

Heat content in coal varies through a wide range which is not 
due to moisture and ash content alone. Oxygen and hydrogen 
content have an important infiuence upon its heat content. In 
the Eastern coal fields of the United States, a variation of as 
much as 1700 Btu per lb will be found in coals from different 
seams when they are converted to an ash-free and moisture-free 
basis. Heat content of coal from any particular seam, however, 
on an ash-and moisture-free basis, runs remarkably uniform. 
Generally the variation is not more than 100 Btu above or below 
the average for that seam. Of course, exceptions will be found 
and some coal produced is erroneously labeled, either purposely 
or otherwise. 


TABLE1 “ASH AND MOISTURE-FREE"” HEAT VALUE OF COALS 
FROM THE EASTERN UNITED STATES 


State Seam Heat Value, 
tu 

Pocahontas 15,700 

Sewell 15,700 

Powellton 15,550 

agle 15,550 

West Virginia No. 2 Gas 15,400 
Doroth 15,300 

Island Creek 15,250 

No. 5 Block 15,150 

Pittsburgh No. 8 14,850 

Elkhorn No. 3 15,300 

Kentucky Harlan 15,100 
Hazard 15,000 

Pittsburgh No. 8 14,800 

Ohio Pittsburgh No. 7 14,650 
Pittsburgh No. 6 14,350 


A practice has been noted, by the author, among some coal 
dealers, in describing their merchandise, of giving the proximate 
analysis on the “‘as received” basis but listing the heat content on 
the “dry” basis without so designating it. That, of course, 
raises the stated value of the coal by several hundred British 
thermal units and is clearly a form of misrepresentation. It will 
generally be detected by converting the claimed heat content to 
the ash- and moisture-free basis and comparing that figure with 
the average for the seam from which the coal is mined. Table 1 
gives a fairly accurate idea of the heat value that may be ex- 
pected from some of the Eastern coals of the United States on an 
ash- and moisture-free basis. 


GRINDABILITY 


After heat content on the list, comes ‘“‘grindability’’ which is 
an important characteristic to be considered in selecting coal for 
pulverized firing. Only in the last few years has much considera- 
tion been given to that most important point. Thanks to the 
efforts of the Babcock & Wilcox Co., a compiiation was made of 
the grindability of different coals of the United States, Canada, 
and elsewhere. This has been published in booklet form and is 
apparently the only list available on that subject. Some of the 
data given in that compilation are reprinted in Table 2. That 
publishers of coal-buyers’ guides do not include such information 
in their published analyses of coal from various mines is to be 
regretted. 


TABLE 2 eee OF REPRESENTATIVE 
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COALS AS 


ETERMINED BY THE HARDGROVE METHOD 


State County Seam Grindability 
Christian No. 6 57 
Fulton No. 5 65 
Illinois Jackson No. 6 75 
Saline No. 5 58 
Vermilion No. 6 63 
Belmont Pittsburgh No. 8 57 
Ohio Jefferson Pittsburgh No. 8 58 
Tuscarawas Pittsburgh No. 6 57 
Allegheny Pittsburgh 62 
Cambria Lower Kittanning 104 
Fayette Pittsburgh 61 
Pennsylvania ; Indiana Lower Kittanning 107 
Jefferson Lower Freeport 96 
Somerset Upper Kittanning 100 
| Westmoreland Pittsburgh 63 
Tennessee Anderson Pee Wee 43 
ae Dickenson Upper Banner 85 
Virginia Tazewell Pocahontas No. 3 104 
Boone Winifrede 40 
Fayette No. 2 Gas 56 
Fayette Sewell 95 
Kanawha Coalburg 43 
West Virginia {; Logan Chilton 59 
Marion Pittsburgh 56 
McDowell Pocahontas No. 3 103 
Monongalia Pittsburgh 64 
| Raleigh Beckley 104 
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Grindability, and Fineness in Per Cent 
Through 200 Mesh 


Fie. 1 VARIATION OF PULVERIZER Capacity WiTH FINENESS AND 
GRINDABILITY 


(These curves, which show the variation in capacity of a Babcock & Wilcox 
type B pulverizer, are based on a capacity factor of 1 for Pittsburgh No. 8 
coal and a fineness of 65 per cent through a 200-mesh screen.) 


The effect of grindability on mill capacity or on fineness of 
pulverization is of much consequence. Fig. 1, given by a promi- 
nent manufacturer, shows effect of grindability on pulverizer 
output. Applying the grindability given in Table 2 for Winifrede 
and Upper Kittanning coals to this chart, we find that a mill that 
will pulverize 14,200 lb per hr of Upper Kittanning coal will 
pulverize only 7200 lb per hr of Winifrede coal. If fineness of 
pulverization was required rather than capacity, we find from 
the curve that when pulverizing 7200 lb per hr of Winifrede coal 
with its 40 index, the fineness would be 65 per cent through 200 
mesh, but if Upper Kittanning coal with its 100 index is used, 
the fineness at 7200 lb per hr would be 90 per cent. 
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Grindability has an important bearing upon cost of pulveriza- 
tion for the following reasons: 

(1) Less power is required to pulverize a friable coal to the 
desired degree of fineness than for a hard coal. 

(2) Pulverizer parts will wear less when grinding a given 
weight of friable coal than when grinding the same weight of hard 
coal. 

(3) Parts may be permitted to wear considerably more before 
renewal when using a friable coal in place of a hard one. This 
statement can probably be best explained with an example: 

Let us suppose first that we change parts when fineness of pyl- 
verization at a definite load reaches 65 per cent through a 200- 
mesh screen. With a friable coal, the fineness will probably be 
90 per cent with new parts. Considerable wear can be tolerated 
before the fineness drops to 65 per cent. With a hard coal, the 
fineness from the same pulverizer could well be only 70 per cent 
through a 200-mesh screen with all new pulverizer parts. A 
drop in fineness from 70 to 65 per cent would be obtained without 
a great degree of wear on the pulverizer parts and renewal would 
be required to maintain the desired degree of fineness before much 
wear of the parts had occurred. 

The life of a set of wearing parts in a pulverizer, when using 
friable coal, may readily be three times what it will be when using 
a coal that is difficult to pulverize. 

When using a grindability scale that lists the hardest of West 
Virginia bituminous coal as 65 and the most readily pulverized 
at 90 the author has found that the pulverizing cost varies approxi- 
mately as the cube of the grindability. Costs upon which the 
preceding statement is based are, of course, for a particular lo- 
cality with a particular type of pulverizer in a plant generating its 
own power. Inasmuch as pulverizing cost consists of power cost 
and installed cost of parts, an adjustment would be required if the 
ratio between those two items were changed. The Hardgrove 
scale may, for practical purposes, be converted to this seale by 
using 40 for the hardest coals and 110 for the most friable. 


VOLATILE CONTENT 


In selecting coal for pulverized firing, volatile content must be 
given proper consideration. While bituminous coals of all de- 
grees of volatile content are being successfully burned in pulver- 
ized form, low-volatile coals require certain features of furnace 
design and installation refinements which may not be required with 
coals of higher volatile content. 


TABLE 3 PULVERIZER CAPACITY AND MOISTURE CONTENT 


Eastern Eastern 
high-volatile low-volatile 
Moisture, coal, coal, Western slack 
per cent lb per hr lb per hr b per hr 
4 5,000 6,250 wire 
6 4,250 5,250 ene 
8 3,600 4,000 ree 
10 3,250 3,350 5,000 
12 4,250 
14 3,650 
16 3,000 


Referring to curves given in the Cochrane Corporation’s 
handbook? for speed of flame propagation, we find, when using 7 
lb of air per pound of coal, that this speed is 38 fps for coal with 30 
per cent volatile matter, while, under the same conditions with 
coal containing 20 per cent volatile matter, the flame-propagation 
rate is only 11 fps. ‘ 

Low-volatile bituminous coals generally are friable and easy 
to pulverize. The extreme degree of fineness generally obtained 
with low-volatile coals offsets to a considerable extent, although 
not entirely, the lack of volatile matter. 

Referring again to Cochrane’s handbook,? Wilhelm Nusselt 
2 Publication No. 1600 Cochrane Corporation, New York, N. Y., 


p. 411. 
3 [bid., p. 412. 
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states that ignition of pulverized coal varies inversely as the di- 
ameter of the particle and time for combustion as its square. 
Based upon constant ignition and combustion temperature, he 
gives the following calculated values: 


Diameter of Ignition velocity, Combustion 

particles, in. fps time, sec 
0.04 0.06 114.0 
0.02 0.13 28.5 
0.004 0.65 1.14 
0.002 1.29 0.284 
0.0008 3.23 0.046 
0.0004 6.45 0.011 
0.0002 12.9 0.0028 
0.00004 64.5 0.00011 


Obviously, if a furnace has been properly designed to burn high- 
volatile coal with its rapid ignition and combustion, low-volatile 
coal will have insufficient time for complete combustion and 
trouble may be expected in excessive carbon loss and in water- 
wall tube trouble, due to flame impingement, unless the tube 
surface is kept entirely free from scale. Large furnace volume, 
preheated primary or secondary air or both, restricted volume of 
primary air, and high furnace temperature are desirable features 
in burning low-volatile coal. They are also desirable features in 
burning high-volatile coal, but if the installation has not the 
required features, high-volatile fuel will give satisfaction in many 
cases where the low volatile will not. The troubles encountered 
may be of sufficient importance to eliminate low-volatile coal from 
consideration in certain boiler installations. 


CONTENT 


Moisture content is another item of much consequence in 
selecting coal for pulverized use. It reduces boiler efficiency by 
requiring heat for its evaporation, interferes with ignition and 
combustion within the furnace, and seriously curtails proper 
operation of coal-handling and pulverizing apparatus. 

Table 3 for coals of different moisture contents is used by one 
prominent pulverizer manufacturer in rating the capacity of one 
of its pulverizers. While the capacity of that unit will vary con- 
siderably from the weights given because of the difference in 
grindability of various coals, the table serves as a worth-while 
guide in estimating the effect that increased moisture would have 
on any given coal. This table is, of course, based upon using the 
coal as received, without the aid of hot air in drying before enter- 
ing or drying within the mill, either of which would result in a 
very material increase in pulverizer capacity. Particular note 
should be made in this connection, that when referring to the 
effect of moisture on pulverizer capacity, this is chiefly to surface 
moisture. This point is clearly illustrated in the table where pul- 
verizer capacity with 10 per cent-moisture Western slack is 
shown to be greater than with 10 per cent-moisture Eastern low- 
volatile coal, regardless of the fact that the latter has a much 
better grinding index than the former. The 10 per cent in West- 
ern slack would be chiefly inherent moisture, while it would be 
chiefly surface moisture in the Eastern low-volatile coal. 

Coal containing excessive moisture will often cause serious 
difficulty in operation. Such coal, particularly in smaller sizes, 
must be pushed or shoveled out of hopper-bottom cars. Piping 
between bunker and pulverizers may become clogged from wet 
coal packing in the chute and resulting in a momentary loss of 
pulverizer and flame, which may lead to serious furnace explosion 
as witnessed by the writer in a recent experience. Slower igni- 
tion encountered with wet coal may result in extended flame 
length and impingement upon waterwall tubes, with resulting 
bagging of tubes and boiler outage. 

Such difficulties may all be overcome or minimized through 
proper plant design. Drying the coal before pulverizing or pre- 
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heating primary air to the pulverizers are extremely effective in 
overcoming grinding and burner difficulties, while preheating of 
secondary air aids materially in burning moist coal. Many in- 
genious methods of preheating primary air are successfully used. 
With certain types of pulverizer, hot air taken directly from the 
furnace is being satisfactorily used. Such hot air or, to be more 
correct, such hot gas may be tempered with air from the boiler 


Fig. 2 Types or AsH From PULVERIZED-CoOAL-FIRED FURNACE 


(The upper sample is in the form of ond the two lower ones are in the form 
of slag. 


room to produce a temperature of from three to four hundred de- 
grees in the primary air to the pulverizers. 


AsH-Fusion TEMPERATURE 


Ash-fusion temperature of coal for pulverized-fuel firing usu- 
ally takes an important place in the use value of the coal. The 
dividing line between suitable and unsuitable coal for a given in- 
stallation is generally definite. Ash-fusion temperature should 
be either above or, for slag-tap furnaces, below a definite tem- 
perature. 

Molten ash is objectionable in a number of ways. Fig. 2 
shows, in the upper portion, ash from a powdered-coal furnace in 
the form of sand. This can be removed cheaply. In the lower 
portion, ash from the same furnace is shown in the form of slag. 
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Its removal is difficult, expensive, and destructive to furnace 
parts. A wall that will last ten years with suitable ash-fusion 
coal may last less than ten months with an unsuitable one. 

Low ash-fusion coal may, through slagging up of boiler tubes, 
start a progressive cycle of conditions that will prevent a boiler 
from carrying its required load for one week. A vicious cycle 
may be encountered where slagging of tubes causes restricted air 
flow, which causes high CO, which raises furnace temperature, 
which makes slag trouble worse, which raises the furnace tem- 
perature more, and so on. If a plant is equipped so that sych a 
condition of operating the unit at part load would necessitate 
either the installation of added boiler capacity or operation of in- 
efficient stand-by equipment, ash-fusion temperature of the coal 
would take on an important réle. 

In a dry-bottom pulverized-fuel-fired furnace, coal having the 
highest ash-fusion temperature need not necessarily be most de- 
sirable for that furnace. Coal having a borderline ash-fusion 
temperature may result in a porous sandlike deposit on the re- 
fractory walls, which is most desirable in forming an insulation, 
reducing air infiltration, and protecting the walls against damage 
from temperature changes and other causes. Such a condition 
may be had without encountering the difficulties of slagged tubes 
and similar troubles. 

In selecting coals for boiler-plant use, the author has found 
wide discrepancies between actual fusion temperatures of ash and 
those claimed by the coal producers. An investigation has 
shown that such discrepancies do not necessarily result from 
misrepresentation. Many seams of coal are composed of two or 
more layers which may differ greatly in grindability, heat con- 
tent, ash content, and ash-fusion temperature, and the same seam 
may vary considerably in different portions of a large mine. 
The friable portion of the seam may have a low temperature, while 
the harder portion may have a high one. Lump or egg coal from 
such a seam would probably show a materially higher ash-fusion 
temperature than the slack, for the latter would come principally 
from the friable portion and the lump or egg would come from 
the firm, high-ash fusion portion. 

Care should be exercised in mixing coals for pulverized firing. 
One cannot foretell what will happen to the ash-fusion tempera- 
ture when two coals are mixed. Results of tests published by 
the Commercial Testing and Engineering Company show one 
case where a portion of coal having an ash-fusion temperature of 
2485 F was mixed with an equal portion of coal having a tem- 
perature of 2705 F to give an ash-fusion temperature of 2284 F. 
Another such mixture of two coals which had ash-fusion 
temperatures of 2478 F and 2513 F gave a temperature of 
2850 F. 


AsH CONTENT 


Unlike ash-fusion temperature, which generally has a rather 
definite division point between suitable and unsuitable coals for 
a pulverized-coal installation, difficulties due to ash content are 
more or less gradual and in general are in proportion to the ash 
content. This is objectionable in pulverized-coal installations 
for the following reasons: 

(1) Removal and disposal is a source of expense. Somewhere 
between 20 and 40 per cent of the ash in coal can be expected to re- 
main in the furnace. The proportion will depend upon furnace 
size and shape, velocity of gas travel in the furnace, and degree of 
pulverization of the coal. Practically no demand for it exists. 
It cannot be sold or given away like stoker cinders. It requires 
special handling equipment to reduce the dust nuisance and must 
be transported to a suitable dump. 

(2) Air pollution is caused through emission from the stack 
and necessitates installation of expensive dust-collecting or gas- 
washing apparatus. 
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Fie. Coxe Butrons From SampiLes oF SHOWING THE SWELLING CHARACTERISTICS OF DIFFERENT KINDS 
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(From left to right, the coals are Illinois, southern Ohio, Kentucky, and low-volatile West Virginia.) 


(3) By covering water screens, boiler tubes, and other parts, 
with an insulating material it retards heat absorption. Such a 
condition may or may not prove serious, depending upon the de- 
sign and apparatus installed. The operator of a boiler that is 
fully equipped with soot blowers and designed for frequent re- 
moval of ashes during operation would probably disregard this 
item as of little consequence, but the operator of a boiler not 
equipped with those conveniences may readily run into much 
difficulty from high ash content. A water screen covered with 
ash is likely to increase the furnace temperature to an extent that 
the ash-fusion temperature of the coal is exceeded, after which 
a number of objectionable conditions may occur. 

(4) It will retard combustion and increase carbon loss from the 
furnace. Each pulverized-coal particle may be expected to con- 
tain a portion of the ash in the coal. Ash covering the carbon 
may be expected to hinder intimate contact between it and 
oxygen. The curves’ previously referred to showed the speed 
of flame propagation for 30 per cent volatile coal dust, when 
mixed with 8 lb of air per pound of coal, to be 37 fps for 5 percent 
ash coal, 28 fps for 15 per cent ash coal, and 18 fps for 30 per 
cent ash coal. 
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Size of coal purchased for pulverized-fuel use is another 
worth-while item of consideration. A material increase in 
either pulverizer capacity or fineness of pulverization can be ex- 
pected when substituting '/:- or #/s-in. slack for 2-in. nut and 
slack from the same seam of coal. Smaller-size coal usually offers 
an advantage in lower price which, however, is often completely 
offset by higher ash content and lower calorific value than is 
found in larger-size coal from a specific mine. However, in 
certain mines, the condition is reversed. 

Certain objections to using small-size coal should not be over- 
looked. Fine-size coal will not run out of hopper-bottom cars 
without some shoveling which, of course, increases handling cost. 
Rains encountered in transit often increase moisture content of all 
or part of the car of coal to a degree where much difficulty is ex- 
perienced in burning it, while the dust problem from the small 
coal when dry may be of sufficient importance to make use of 
such coal impossible. 

Coal producers have recognized these difficulties in the last 
several years and are doing much to overcome them. Coal cars 
are being covered with heavy paper to prevent accumulation of 
excessive moisture in transit and various treatments of calcium 
chloride or oil are being used to overcome the dust nuisance. 
Judging from experience obtained in the last year with coal thus 
treuted, the writer is of the opinion that, while an improvement is 
noted in the dust nuisance when using oil-treated coal and no 
difficulty is experienced in pulverizing or burning it, such treat- 
ment of '/:-and #/,-in. slack is not sufficiently effective to over- 
come the dust problem. 


ForeEIGN MATERIAL 


Another item worthy of consideration in selecting coal for 
pulverized firing is the foreign material included in coal ship- 
ments. Such material in the coal, due to either careless mining 
or loading of cars, may result in pulverizer outages of short du- 
ration, caused by stoppage of coal feed or in destructive breakage 
of the pulverizer. The writer is familiar with one pulverized- 
coal-fired plant where pulverizer outage due to foreign material 
has averaged more than one per week per pulverizer. These have 
been of short duration, averaging perhaps less than five minutes 
each. In that particular plant, outages are of small consequence 
because of an ample supply of available natural gas but they 
might be of vast importance elsewhere. 

Many installations govern boiler output by restricting the 
quantity of coal being fed to the pulverizer. This necessitates a 
small opening for the coal feed. A pulverizer suitable for pro- 
ducing an output of 50,000 lb of steam per hour may have an 
opening for coal feed of less than 6 in. in diameter. Wood, 
bricks, rags, or straw, such as some coal producers chuck into the 
cracks of hopper-bottom cars, will cause such pulverizer inter- 
ruptions. While most pulverizers that are capable of being 
damaged by tramp iron are provided with magnetic separators, 
such separators are useless for brass, copper, and other nonferrous 
metals. 


Fiy-AsH CHARACTERISTICS 


While fly-ash characteristics of coal have been placed at the 
bottom of the list of items to be considered in selection of coal for 
pulverized-fuel firing, and while perhaps less information is 
available on this subject than on any of the items listed, it is by 
no means the least important. In a boiler plant that is not 
equipped with apparatus for removing fly ash from flue gas, 
the extent of this nuisance will depend upon density of the par- 
ticles, nature of the flue-gas path, and velocity of the flue-gas 
travel from the furnace to the stack outlet. Changes in direction 
of gas flow will throw out the larger particles, and reduced velocity, 
if of sufficient duration, will also permit them to drop out of the 
gas stream. However, regardless of what the shape of the flue 
or the velocity through it may be, if the particles are balloon-like 
and light, fly-ash emission will be much greater than if they are 
solid and compact. 

Fig. 3 illustrates the swelling characteristic of different coals. 
They were all originally of the size shown in the second view 
from the left. Two grams of a finely pulverized sample of each 
coal were heated in crucibles over a bunsen flame until all volatile 
matter was driven off. Illinois coal, when coked, was too loosely 
bound together to hold its shape. Southern Ohio coal coked 
rather firmly but did not swell. Kentucky coal melted into a 
compact mass and swelled slightly, while low-volatile West 
Virginia coal melted and swelled until it filled the crucible. A 
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much greater fly-ash loss would reasonably be expected from a 
coal whose particles swell into little balloons which offer the maxi- 
mum volume and surface for a given weight. The writer regrets 
his inability to give more definite information on this subject 
pertaining to fly ash. His efforts to accumulate more authori- 
tative information have not been sufficiently successful to permit 
offering further information at this time. It is hoped that fur- 
ther light on this subject will be offered by those having more in- 
formation available. 


CONCLUSION 


In the foregoing discussion on the selection of coal for pulverized 
firing, numerous difficulties have been mentioned while recom- 
mendations have been avoided. That is as much as can be 
given to be adaptable for a multitude of boiler plants in a wide 
spread of territory containing a large variation of equipment that 
encounters all sorts of operating conditions. Probably only one 
problem is common to all, that of supplying their product at the 
lowest cost. Of course, a solution exists for each of the diffi- 
culties mentioned. Sometimes, it lies in altered design or in 
additional equipment, sometimes in selection of the coal. 

Where a number of coals are available, proper selection of coal 
provides one of the most attractive opportunities for the boiler 
plant to reduce operating costs, not only fuel cost but also operat- 
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ing labor and maintenance cost. This is a job that requires the 
services of a competent engineer who is fully informed on the 
design and operating conditions of the boiler plant for which the 
coal is to be purchased and who knows the characteristics of the 
different coals offered. 

Selection of coal for pulverized firing is not a job for the pur- 
chasing agent alone. Regardless of how well he may be informed 
upon price and freight costs of coals and upon their characteris- 
tics as given by the proximate or ultimate analyses, the pur- 
chasing agent cannot be expected to evaluate coals from the view- 
point of use value, because of his lack of intimate knowledge of 
the characteristics of the apparatus in the boiler plant. Only 
the informed engineer is qualified to make that evaluation. Co- 
operation between purchasing agent and engineer is essential if 
the fullest advantage of available coals is to be obtained. The 
purchasing agent is required to be informed on available coals, 
reliability of supply, and prices and market conditions and to 
arrange for trial runs of available coals to permit the engineer to 
learn, through observation, the characteristics of those coals. 
The engineer should take advantage of such opportunities to be- 
come well informed on all the characteristics of those different 
coals, learn their effect upon the performance of his particular 
plant, and render to the purchasing agent the necessary engi- 
neering service required for intelligent selection of coal. 
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Underfeed Stokers From the Standpoint of 
Coal Selection 


By J. E. TOBEY,' CINCINNATI, OHIO 


As an example of the benefits to be secured from careful 
selection of coal for underfeed stokers, the paper cites the 
experience of a Middle West industrial power plant burning 
700 tons of coal per day, where the boiler capacity was in- 
creased from approximately 2100 hp in 1917 to more than 
13,000 hp in 1924. Errors in design of the original boilers 
were repeated in each of the three subsequent additions 
and caused combustion troubles with resulting inter- 
ruptions to power service and factory shutdowns. Me- 
chanical changes to boiler equipment and an exhaustive 
coal-selection program resulted in marked improvement 
in operation. When the latter was adopted, coal might be 
supplied by any one of 60 different mines which rendered 
any segregation impossible and compelled burning the 
fuel as mixtures. In the three years that elapsed before 
the program was completed, coals from 130 mines were 
analyzed and given burning tests under service conditions 
and the output of 18 mines, none of which were included 
among the original 60, was found suitable for plant use. 
Differences between these coals, such as quality, price, 
degree of satisfaction, mine capacity, and general avail- 
ability, reduced the number to 6 and these fuels were given 
trials for longer periods, with the result that a single coal 
was finally chosen and has been burnt exclusively for a 
number of years. The coal-selection program is described 
in considerable detail in the paper and combustion 
troubles encountered during the burning tests are men- 


tioned and commented upon. 

| coal-burning equipment. That so many thousands of these 
stokers are in use in industrial plants attests its success, 

and because its development was so timely and acceptable no 

other type of coal-firing equipment has yet approached it from 


NDERFEED stokers were pioneers in the field of automatic 


1 Manager, Fuel Engineering Division Appalachian Coals, Inc., 
Cincinnati, Ohio. Mem. A.S.M.E. Mr. Tobey spent one year at 
Michigan State College before entering the Naval Academy at An- 
napolis, Md., from which he was graduated in 1918. After eight 
months’ service as senior engineer office assigned to duty on first- 
class battleships with the rank of ensign, he accepted the foremanship 
of the Studebaker Corporation’s production division where he was in 
charge of assembly department layout and operation. In 1921, Mr. 
Tobey was appointed assistant supervisor of inspection and de- 
signed gages, templates, and the like. After a year in this position, 
he was appointed chief engineer of power plants. For a portion of 
this time, he also acted as an independent consultant in power-plant 
engineering. Leaving the Studebaker organization in 1934, he was 
appointed manager, fuel engineering division, Appalachian Coals, 
Inc., Cincinnati, Ohio, his present position. 

Contributed by the Fuels Division and presented at a meeting, 
Pittsburgh, Pa., Oct. 27-28, 1937, under the joint auspices of the 
Fuels Division of THe AMERICAN SocteTy oF MECHANICAL EN- 
GINEERS and the Coal Division of the American Institute of Mining 
and Metallurgical Engineers. 

Discussion of these papers should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1938, for publication at a later date. Dis- 
cussion received after this date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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the standpoints of numbers and coal tonnage burned. Being a 
pioneering development, although inanimate, it has suffered 
about as much abuse and persecution as the early Christian 
martyrs. Thousands of these stokers were used on conversion 
jobs, boilers that were changed from hand-firing to automatic- 
firing equipment. 

Surveys made by ourselves and other organizations indicate 
that the industrial underfeed stoker which burns the greatest 
coal tonnage is a small machine serving a boiler of approximately 
300 hp. This average stoker is probably a conversion unit. 
However, regardless of this, it is likely to be suffering from several 
complications, including 


(1) Lack of coordination with boiler, furnace, and stack 
(2) Poor state of repair 

(3) Mediocre supervision 

(4) Excessive load 

(5) Poor coal selection 


Referring to load, it is almost axiomatic that the older the 
stoker, the more load demand placed on it. This, of course, is 
due to the fact that most factories expand with increases in 
business, but with little, if any, regard to the boiler plant until 
the latter becomes totally inadequate. 

Another unfortunate circumstance is that this average boiler 
unit does not have the benefit directly, and perhaps not indirectly, 
of supervision by technical men such as members of these societies. 
This, and other papers given at this meeting, will probably not 
reach those who supervise the operation of this average-size plant. 
We are faced with an odd proposition, in which much technical 
discussion and data are available on coal and combustion prob- 
lems, but that information is not reaching the man who burns 
the most coal, the small industrial consumer. It is high time 
that the big engineer becomes a big brother to the little engineer, 
whose tribe is legion, and assists him with his fuel and other 
problems. 

As to coal selection for these plants, again it is regrettable that 
because of lack of technical supervision, plus the fact that these 
plants and the conditions in them are rarely the same, little in- 
formation of a concrete nature is available. For these reasons, 
we must turn to the experience of larger plants to uncover specific 
information on coal selection and attempt to apply it to smaller 
plants. This information can be accumulated only by describing 
the life history of individual plants, dealing with the fuel and 
combustion phases of their operation. Therefore, the author 
will describe one such plant in the Middle West consuming a 
maximum of 700 tons of coal per day and furnishing all power 
services to a factory employing a maximum of 12,000 people. 
This plant passed rapidly through a series of expansion pro- 
grams, the last of which was under way when the author became 
connected with it. As the description of this plant is unfolded, 
several defects in design which caused a serious fuel problem 
will become apparent. Whereas, we admit that many plants are 
not surrounded by such critical conditions, nevertheless, a de- 
scription of this plant and its combustion problems may be 
helpful to buyers, producers, and power and fuel engineers. 
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Piant 


The original installation of boilers, which was made in 1917, 
consisted of four 520-hp box-header type, three-pass horizontal- 
baffle, solid refractory furnaces, and multiple-retort underfeed 
stokers, that were 6 retorts wide and 17 tuyéres long with single 
ash dumps. Four boiler units, which were an exact duplication 
of the original installation, comprised the first addition to the 
plant. The second addition consisted of four boiler units alike 
in every detail to those previously installed, except they were 
of 744-hp each and the stokers were 7 retorts wide instead of 6, 
and 22 tuyéres long instead of 17. The third addition 
consisted of four 1509-hp, bent-tube boilers with solid refractory 
furnaces and multiple-retort underfeed stokers which were 12 
retorts wide and 26 tuyéres long and were equipped with double 
ash dumps. This fina! plant-expansion program was completed 
in 1924. 

Concurrent with the second expansion of the boiler room was 
the addition of a turbine room in which was installed 16,000 kw 
capacity in turbogenerator equipment. The latter enabled the 
plant to carry the entire factory electric load. With no planned 
standby electric service and because the factory was engaged in 
mass production with all manufacturing processes closely syn- 
chronized, the power plant had to maintain continuity of service 
at all times. 


IN DESIGN 


When the contract was let for the initial four boilers, the in- 
tention was that they be hand-fired. As an afterthought, but 
before the boilers were delivered, the decision was made to fire 
the units mechanically with underfeed stokers and thereby in- 
crease their output. Although tube spacing in these boilers, 
3'/, X 7 in. centers, was satisfactory for hand-firing and for 
ratings obtained by that method, it was too close for mechanical 
firing and higher ratings which require approximately 6 X 7 in. 
centers for satisfactory firing. As a result of this oversight, 
whereas the units could be forced to ratings of 200 to 225 per 
cent, gas passages were choked and furnace pressures were at 
times on the plus side. Thus, the furnaces were bottled and op- 
erated at abnormally high temperatures. 

When the first addition was made to the boiler room, this de- 
fect in design was again overlooked and the error repeated. 
Again, when the second addition was made, the same defect in 
tube spacing not only existed but also was aggravated because 
of the arrangement of building columns, the additional horse- 
power of these boilers was secured mainly by increasing 
the height of the tube bank. This condition increased draft loss 
through the boiler and furnace-bottling effect to such an extent 
that these units could only be operated at a maximum of 175 per 
cent as compared with 200 per cent for the eight previously in- 
stalled units. In the third boiler-room addition consisting of four 
1509-hp, bent-tube boilers, although tube spacing was standard 
and adequate, the four-pass baffle construction overtaxed the 
natural chimney draft and produced a bottling effect at high 
ratings. Another serious defect occurred in setting the stokers 
under these boilers. Those selected were too long for the depth 
of the boiler and required either a short arch to extend the fur- 
nace beyond the upper boiler drum or a retracted bridge wall un- 
der the mud drum. The latter construction was used and was a 
failure because the upper portion of the wall which protected 
the mud drum from the fire was too thin and could not be held 
in place. To correct this feature, the upper portion of the wall 
was replaced with a suspended-construction section, Fig. 1, 
which inclined toward the furnace. The deleterious effect of 
this change upon combustion will be explained later. 

In building this plant, equipment manufacturers failed at four 
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different times to cooperate and produce coordinated boiler units. 
As a result, each of the 16 boilers in this plant had a bottled fur- 
nace, as well as other objectionable features. Here is a costly 
lesson emphasizing the need cf proper coordination of equipment. 

Heavy loads imposed upon the plant necessitated operating 
the boilers at high capacities. This resulted in excessively hot 
furnaces which in turn created a serious fuel problem that con- 


Fig. 1 Cross Secrion or THE 1509-Hp BoILers on Wuicu 
Tests WerE Mave 


tributed to fuel-bed caking, clinker trouble, and excessive stoker 
and furnace maintenance. Furnace temperatures in excess of 
3100 F were commonly encountered. A series of interruptions 
to power service and costly factory shutdowns caused by com- 
bustion troubles convinced the management that something 
should be done to alleviate these troubles. Accordingly, a sus- 
tained effort was undertaken to improve operation by (a) an ex- 
haustive coal-selection program and (b) mechanical changes to 
boiler equipment. The latter will be disposed of first. 


MECHANICAL CHANGES 


Studies of various sizes and types of boiler unit revealed the 
fact that errors in design were so inherent in the equipment that 
fully correcting them was impractical from a cost standpoint. 
However, certain changes in some units could be justified. The 
following is an outline of the procedure followed: 

(1) No mechanical changes to the 520-hp boilers. The decision 
was made that subsequently these boilers would be operated at 
ratings not in excess of 200 per cent. 
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(2) Removal of approximately 30 per cent of the heating sur- 
face in the 744-hp boilers reduced the draft loss and made possible 
an increase in stream capacity equivalent to 50 per cent of rat- 
ing, as from 175 to 225 per cent, based on the original heating 
surface. Here is a case where reducing heating surface actually 
increased steam-generating capacity. 

(3) Original vertical baffling arrangement of the 1509-hp boilers 
was replaced by a new design of cross baffle. (Fig. 1.) This re- 
duced the draft loss through the boiler proper approximately 50 
per cent, from 0.85 to 0.44 in. of water, at a rating of 225 per cent. 

(4) Certain changes were made to the stokers of both the 744- 
and the 1509-hp boilers to give better air distribution and control. 
They consisted mainly of deflector plates to give more uniform 
air distribution and to kill the effects of velocity pressure that 
caused hot spots in certain portions of the fuel bed. In the larger 
stokers, extension wind-box dampers were made tighter to con- 
trol the air more satisfactorily on the lower end of the stoker. 
Also, auxiliary air ducts serving the rear dump grates on these 
units were blanked off, as this air was found to be unnecessary 
and sufficient leakage occurred through these ducts to cause 
secondary combustion in the first pass of the boiler under cer- 
tain conditions. 

(5) Automatic overfire air control was installed on the 1509-hp 
units. 

These mechanical changes substantially increased the capacity 
range of the 744- and 1509-hp boilers, improved reliability of 
the plant, and permitted a more satisfactory maintenance cycle. 
Although they did reduce furnace temperatures at given ratings, 
operation of the boilers at the higher ratings partially offset this 
decrease. 


Coat-SELECTION PROGRAM 


An exhaustive program was initiated to insure selection of 
coals best suited to meet the particular requirements of this 
plant, taking into account the critical conditions that existed and 
were imposed upon the fuel. The first move in this connection 
was to enlist the close and full cooperation of the purchasing de- 
partment. The company was, at that time, buying coal on a 
monthly spot basis. Check up showed that 16 coal producers 
representing some 60 mines were on the approved list, that the 
power plant could receive any combination of these coals each 
month and coal from several different mines might be received 
daily, and, further, that this combination could vary widely from 
day to day. With coals being received daily from so many differ- 
ent sources segregation was impossible, so necessarily they were 
burned as mixtures, thereby placing the firemen at a hopeless 
disadvantage as well as making identification of the performance 
of any individual coal impossible. 

As a part of this program, the purchasing department arranged 
to have the coals ordered so that they could be tested separately. 
This necessitated a reduction in the number of sources from which 
coal was purchased each month. To avoid confusion and elimi- 
nate substitution, each order stipulated the name of the mine 
from which the coal was to be shipped and also gave a shipping 
schedule. The second move in the program was to move the coal- 
testing equipment from the central laboratory to a special one 
that was set up in the power plant. Status of analytical checks 
on the quality of incoming shipments prior to this time was that 
the central laboratory of the factory was given car samples daily, 
but, because its primary function was to test production materials 
and being overtaxed in this work, was usually from two to three 
months behind on coal analyses, and by the time reports were 
received by the power plant and purchasing department, the coal 
which they represented had long since been burned and new 
purchases had, in the meantime, been made from other sources. 
Inasmuch as fusion temperature of coal ash appeared to be 
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one of the vital factors involved in the selection of coal for this 
particular plant, an ash-fusion testing furnace, No. 3 melter’s 
furnace, as approved by A.S.T.M. standard method for deter- 
mination of fusibility of ash, was secured and added to the labora- 
tory equipment. A member of the power-plant personnel who 
had studied chemical engineering was put in charge of the power- 
plant laboratory. A fast schedule for coal analysis was worked 
out which provided that the proximate, sulphur, British ther- 
mal unit, and ash-fusion analysis of the coal was available within 
15 hr after receiving car samples. Three copies were distributed 
as follows: one posted on the boiler-room bulletin board, one 
sent to the chief engineer’s office, and the other to the purchasing 
department. Keeping the men who actually burned the coal “‘in 
the dark” on the particular coal they were buring daily was con- 
sidered to be impractical, so a copy of the coal. analysis, showing 
also seam and mine name, was posted in the boiler room prior 
to burning the coal. 

The third move was to make necessary arrangements for burn- 
ing tests in the boiler room. This included dividing the main 
storage bunker in the boiler room, which had a capacity of 2000 
tons, into three compartments and also a new layout in the coal- 
storage yard adjacent to the lower plant, which had a capacity 
of approximately 25,000 tons, so that incoming shipments could 
be segregated according to mines in both the bunker and storage 
yard. Thus, in three successive steps, essentials of the coal- 
selection program were clearly defined and machinery set up to 
conduct a series of exhaustive and intensive tests to find the 
coals that were most adaptable, within overall economical limits, 
for use in this plant. 


BurninG TEsts 


As the final answer regarding the suitability of coals for this 
plant would come from the boiler room and not from the coal- 
analysis data, the boiler room was considered as the real labora- 
tory and the analytical apparatus as an adjunct, or auxiliary, to 
it. In most instances coal being tested was burned in all the 
boilers. Exceptions to this were when the coal analysis indicated 
that more than ordinary trouble might occur. In these cases, 
although it entailed additional work, preliminary tests were made 
on one or two boilers. Burning tests were extended over a long 
period because preparations and arrangements had to be made 
so as to avoid interruptions of power service to the factory. 

This plant was so situated as to have access to coals from six 
different states, representing several coal fields and a hundred or 
more seams. With such latitude, the program took on rather 
vast proportions and its completion required about three and one- 
half years, in which coals from 130 mines were tested, this being 
equivalent to approximately 37 mines per year. To guide the 
selection of coal for test purposes, advantage was taken of a!l 
available literature, which was not much, describing various 
coal fields and seams. Maps of these fields were referred to con- 
tinually and location and shipping point of each mine from which 
coal was received were indicated on the maps. Colored tacks 
and labels were used to show whether a certain mine’s coal was 
scheduled for a test, or whether it had been tested and found to be 
satisfactory or unsatisfactory, these terms referring solely to the 
coal’s performance in the equipment and having no reference to 
economy. Complete descriptions of each mine tested were se- 
cured and included type of mine, whether shaft, drift, or strip; 
method of mining used; number of men employed; company’s 
rating; kind of preparation equipment; description of seam, or 
seams, including thickness; and the general analysis of coal as 
quoted by producer. A copy of this information, with recom- 
mendations, was furnished the purchasing department. The 
recommendations stated whether the coal was, or was not, ac- 
ceptable to the plant, and if acceptable it was given a rating 
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TABLE 1 TWO GROUPS OF SIMILAR COALS THAT GAVE DISSIMILAR RESULTS ON THE SAME UNDERFEED STOKERS 


Dry Basis-——-—— 
As Vola- Fixe Ash- 
rec'd, tile car- Sul- soften- 
mois- matter, bon, phur Btu ing 
Mine Evapo- Clinker Burning Casting ture, per per Ash, per per temper- 
No.? ration formation nature loss percent cent cent per cent cent Ib ature Explanation 
(Group 1) F 
1 Good None Coking Normal 3.9 33.3 59.7 7.0 0.7 14,270 2,750 Satisfactory 
2 Fair None Coking Normal 3.0 32.4 61.8 5.8 0.9 14,520 2,900 Satisfactory 
3 Good Some non-adhering Coking Normal 3.9 34.7 57.0 8.3 0.6 13,950 2,840 Satisfactory 
4 Good None Coking Normal es 35.9 58.3 5.8 0.5 14,100 2,950 Satisfactory 
5 Good None Free Normal 3.7 36.7 57.0 6.3 0.7 14,010 2,450 ~~ Satisfactory 
6 Good None Free Normal 8.4 35.1 54.6 10.3 0.4 13,340 2,900 Satisfactory 
Average analysis 4.6 34.7 58.0 7.3 0.6 14,030 2,800 
(Group 2) 
1A Fair None Hard coking Normal i 35.5 58.0 6.5 0.6 14,200 2,750 Fuel bed caked 
2A Fair None Hard coking Above normal a 33.1 56.7 10.2 0.5 860 2,930 Fuel bed caked 
3A Poor Some adhering Hard coking Excessive 3.4 37.6 55.5 6.9 0.7 14,140 2,900 Fuel bed caked-—-Clinker trouble 
4A Poor Some Hard coking Above normal 6.4 37.0 55.1 7.9 0.6 13,820 2,900 Fuel bed caked 
5A Fair Bad Caking Excessive 5.4 37.4 584.0 8.6 0.9 13,670 2,620 Fuel bed caked—Clinker trouble 
6A Poor Bad Caking Excessive _ 4.0 36.8 53.2 10.0 0.8 13,460 2,700 Fuel bed caked —Clinker trouble 
Average analysis 4.8 36.2 55.4 8.4 0.7 13,860 2,800 


@ Corresponding mine numbers in each group indicate similar coals from mines in the same seam with the exception of 4 and 4A which are similar coals 
from different seams. 


as to its relative use value, and as to preference, first, second, or 
third choice. To provide a system for rating acceptable coals 
a typical one was taken as a standard, and the other coals com- 
pared with it. Using delivered cost of the standard coal as a 
base, each one that was accepted as satisfactory from a perform- 
ance standpoint was evaluated as to its use value. Thus, the 
report showed the maximum delivered cost that could apparently 
be justified for the coal in question. This figure could be equal 
to, plus, or minus, that of the standard coal. Following initial 
test of an acceptable coal, additional tonnage was secured which 
was sufficient to develop some of the more intangible facts such 
as, uniformity, reliability of source and delivery, and relative 
price stability, and to confirm the test results. Preference rating 
was used in case of equal use value. Results of the burning test 
of each coal were compiled in a record that also included data of 
the mine, average analysis, of coal as delivered, ash-softening 
temperature, mine price, freight and delivered cost, evaporation 
figure, steam fuel cost, probable effect on maintenance of boiler 
units, and other pertinent information. 

The first year’s work was most hectic and precarious for during se 
this time the whole area represented by the various coal fields 
was quickly scanned and tests made of coals having rather widely 
different characteristics. After that time, burning tests became 
more a matter of routine in which coals having fairly well-known 
characteristics were used. As time went on and more coals were 
eliminated, the work was resolved into testing coals having burn- 
ing characteristics that more nearly met the plant’s requirements. 
For this reason, burning tests in the latter part of the program 
did not require much unusual effort because differences in the 
coals were less; also, coals from certain mines had been found 
to be outstanding and magy of those subsequently tested did not 
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quite come up to the standards set by the former. 

At the conclusion of this long program, coals from 18 different 
mines out of the 130 tested were determined best suited to the 
plant’s requirements. Of the entire 18 not one was found to have 
been included on the original approved list. Differences between 
acceptable coals, such as quality, price, degree of satisfaction, 
mine capacity, and general availability, narrowed the number to 
a half dozen. These were given trials for longer periods, and one 
was found which appeared to be a “natural’’ for this plant, a 
sufficient quantity, approximately 250,000 tons, having been 
burned to qualify it thoroughly. Being satisfactory in all re- 
spects, including reliability of delivery, no logical reason existed 
why a contract should not be entered into with the producer of 
this coal to supply the plant’s entire requirements. This was 
subsequently done, and after a number of years this plant is 


Fic. 2 Dense on CAKED Upper Fvuet Bep Wuicu Causes IMPROPER 
Air DISTRIBUTION 


today still using coal from the same source, the contract having 
been renewed from time to time. 


ComBusTION TROUBLES ENCOUNTERED DuRING BURNING TESTS 


To this point, the paper has dealt principally with the critical 
combustion conditions involved in the plant’s operation, mechani- 
cal changes made to satisfy these conditions partially, the pro- 
gram initiated to insure selection of coals to meet the remaining 
conditions, and the results of that program. Combustion be- 
havior of these coals will now be discussed for the benefit of 
engineers interested in such details. First, the inevitable ques- 
tion, ‘‘What criteria were used in determining whether a coal was, 
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or was not, satisfactory for the stokers in this plant?” will be 
disposed of. In general, a coal that carried the load and did not 
develop serious caking and/or clinkering trouble was considered 
satisfactory. An almost unfailing sign of these troubles was 
molten slag on the boiler bridge wall. Whereas, only slight dif- 
ferences were known between many of the coals that were satis- 
factory and those that were unsatisfactory, wide differences be- 
tween them were found in actual combustion behavior. In other 
words, while the analytical difference of the coals appeared to be 
microscopically small, their difference in combustion behavior 
appeared to be of yardstick proportions. In the tests, coals fell 
rather definitely into one of the two categories, satisfactory or 
unsatisfactory. But little middle ground appeared for any coal 
tested, and to determine the results obtained by observation of 
the fires was rather easy. Table 1 shows two groups of apparently 
similar coals, and serves to illustrate this point. All of these 
coals are classed as being of high quality, coming from mines in 
the Southern high-volatile field. In the plant, however, these 
two groups of coals differed rather widely in utility. 
Unsatisfactory coals almost always manifested the same unmis- 
takable signs of distress, (a) caked and dense upper fuel-bed sec- 
tion, which was practically nonporous and of dull appearance; (b) 
lower section of fuel bed too porous and containing holes, with 
large clinkers above tuyére rows, fuel in the form of large blocks 
of coke, great excess of air, high gas velocities, and white-hot 
appearance; and (c) tube and wall slag being deposited by high- 
velocity jets issuing from the fuel bed, molten slag running down 
bridge wall and freezing on dump plates, and slag formations at 
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bottom of side and front walis which disturbed adjacent portions 
of the fuel bed, and caused hot spots, clinker trouble, and back 
smoking through the stoker hopper. Fig. 2 illustrates the condi- 
tions as described. In extreme cases secondary combustion oc- 
curred in the upper furnace and first pass of the boiler which was 
caused by delayed mixing of the gases on account of poor air 
distribution. 

When these unsatisfactory conditions, which were initiated by 
caking of fuel on the upper portion of the stoker, obtained, ash- 
softening temperature of the coal apparently became of second- 
ary importance. In some instances, certain coals having ash- 
softening temperatures in excess of 2900 F caused trouble, 
whereas, others with an ash-softening temperature as low as 
2450 F gave satisfactory results. The former caused clinker 
trouble and the latter did not. This apparent paradox was ex- 
plained by the fact that the high ash-fusion coals in question 
were strongly coking under existing furnace conditions which 
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caused fuel-bed caking and thus reduced the effective stoker 
area and, thereby, increased the actual burning rate on the rest 
of the stoker to a point where excessive temperatures were ob- 
tained under which no coal ash could resist fusion. This, in 
turn, caused objectionable clinker formation which had a dis- 
turbing effect upon the fires and resulted in excessive loss of 
stoker iron. On the other hand, coals with medium-fusing 
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ash used in the comparison above were inherently of a freer- 
burning nature and did not produce a caking effect of the fuel 
bed, released the heat in the fuel more uniformly over the entire 
area of the stoker, and thus prevented the occurrence of hot 
spots or zones of excessively high temperature. This indicates a 
distinct relationship between ash-softening temperature, per- 
missible for satisfactory operation, and fuel-bed porosity. These 
tendencies are also discernible in Table 1. Both of these types 
of coal giving such widely different results were in the minority 
and the majority of coals tested under existing load conditions 
whose ash-softening temperature was in the neighborhood of 
2700 F were most generally satisfactory from the standpoint of 
slag and clinkering. 

Curves A and B in Fig. 3 show respectively the average fur- 
nace temperature obtaining in the boiler units at different ratings 
and the average softening temperatures of the coal ash which 
were generally satisfactory for the various furnace temperatures. 
Reference is again made to the inclined bridge walls found in the 
1509-hp boilers, Fig. 1. The angle of inclination of the upper 
portion of the bridge walls was such as to radiate heat back upon 
the underfeed portion of the fuel bed. This appeared to aggravate 
the caking and coking troubles on these stokers. An optical 
pyrometer was used to measure furnace temperatures and proved 
to be a most valuable instrument. All readings were taken 
directly above the surface of the bed at the hottest point in the 
furnace, which was directly above the overfeed section of the 
stoker. This point is marked T in Fig. 2. 

Certain furnace conditions, existing as a result of errors in 
design, have been mentioned as contributing factors to fuel-bed- 
caking troubles. These conditions, however, were but partially 
responsible, in the author’s opinion, for this trouble. The stokers 
themselves, whose design has since been superseded by greatly 
improved designs, were responsible in a large measure for the 
matting and/or caking over of the fuel bed, because their mechan- 
ism for distributing fuel was partially ineffective in moving fuel 
from the upper portion of the stoker while the bulk of the fuel 
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Fic. 6 Rear View oF STOKER Fvuet Bep SHOWING “PopcoRNING”’ 
or Fuget ParticLes BEING BLOWN FROM THE BED 


was passing through its plastic stage. After the fuel passed 
through this stage it became coke, and, midway down the length 
of the stoker, air from the tuyére rows broke through fracture 
cracks, causing the fuel to burn furiously above them. The upper 
half of the tuyére rows was too inactive and the lower half was the 
opposite, too active with destructive effect. Large monolithic 
masses of coke existed at the lower ends of the retorts and being 
solidly caked, it did not break down over the tuyéres and come in 
proper contact with the air. The fuel, being in too large masses, 
caused large holes or crevices in the lower portion of the fuel bed, 
resulting in hot spots which damaged stoker iron and from which 
were blown molten ash and carbon, the former being deposited as 
tube and wall slag. 

Failure of the upper portion of the stoker to burn its proportion 
of fuel on account of the latter caking overthrew a heavy burden 
on the lower portion of the stoker, forcing it to burn fuel at ex- 
cessively high rates. This, in turn, resulted in abnormally high 
temperatures in the vicinity of the dump grates, which caused the 


ash to slag and interfere 
with operation of the grates. 
Fig. 4 is a diagrammatic 
sketch showing abnormal 
fuel-bed conditions which 
were obtained with many 
of the coals that were tested. 
For comparison normal fuel- 
bed conditions are shown 
at the sides of the illustra- 
tion. 

Figs. 5, 6,7, and 8, repre- 
sent photographic studies of 
underfeed-stoker fuel beds 
which were recently made in 
other plants. Fig. 5, taken 
from a side observation fur- 
nace door, shows, on the 
lower half of the stoker, ir- 
regular masses of coke sur- 
rounded by excessively fast- 
burning zones and hot spots. 
Fig. 6, taken from a rear 
furnace-wall door, shows an 
area of the fuel bed near 
the lower end which is 
“popeorning.” other 
words, small pieces of fuel 
and ash are being blown 
from the fuel bed. The 
small specks on the light 
portion of the photograph 
are actual pieces of this 
material which are being 
blown into the tube bank 
and bridge wall. This ma- 
terial is emerging from crev- 
ices and holes in the fuel 
above the tuyére row, the 
latter being improperly and 
insufficiently covered with 
fuel. At the left of the 
photograph can be seen a 
pier of coke which extends 
upward from theretort, and 
has so rigid a structure that 
it did not break down over 
the tuyéres. The fuel and 
ash in the tuyére zone is 
being subjected to abnor- 
mally high temperatures. 
In both Figs. 5 and 6, West 
Virginia coal was being 
burned. 

Fig. 7, taken from the 
center rear-wall door, shows 
the action taking place di- 
rectly above a tuyére row. 
The stoker was 13 ft long 
and the photograph repre- 
sents about 7 ft. To locate 
the photographed section 
properly in relation to the 
stoker length, the top repre- 
sents a point approximately 
4 ft from the front wall and 
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the lower end terminates about 2 ft from the clinker-grinder pit. 


Analyzing this photograph, from the top downward, a hot spot (! 


or very active burning zone is first seen. This is followed by a 
rather large caked mass of coke which is burning very slowly, 
except around its edges. Next is found a large hole which ex- 
poses two tuyére plates to view. As this hole offers no resistance 
a large volume of air must be entering the furnace threugh it. So 
little combustible matter is in the vicinity of this hoiv -hat this 
may be considered as a cold spot. Following this, t::°re 1s a sec- 
tion which indicates fairly normal burning. This, in turn, is 
followed by a large clinker formation, 2 or 3 ft in length which 


blankets that section of the tuyére row. It has a crosswise crack /-) 


in the middle through which burning is indicated with rather 
high temperature underneath. Evidently, some carbon was un- 
derneath, or included in, the clinker. This rather unusual photo- 
graph illustrates fairly well the troubles mentioned prominently 
throughout this paper, namely, caked fuel, hot spots, cold spots 
and holes, and troublesome clinker formation. The fuel involved 
was Indiana coal. All of these troubles, the author believes, 
would have been greatly modified, or eliminated, had the agita- 
tion in the upper fuel bed been sufficient to prevent serious caking. 
If the coke had broken down readily into smaller pieces, it would 
have better covered the tuyére rows and resulted in more-uniform 
burning throughout the entire fuel bed. This, in turn, would have 
reduced maximum temperatures in the fuel bed, thus providing 
a more favorable condition for the ash, tending to eliminate the 
formation of large clinkers. Fig. 8 shows a short section above 
another tuyére row of the same furnace and with the same fuel as 
represented in Fig. 7, in 
which the burning condition 
is fairly uniform and normal 
with the exception of a 
small clinker formation at 
the lower end. 

Multiple - retort stokers 
should be thought of more 
or less as a series of single- 
retort stokers installed side- 
by-side. Each retort and 
its corresponding tuyéres 
should function practically 
as an independent unit and 
not interfere with the op- 
eration of adjoining ones. A 
conception of this arrange- 
ment is illustrated in Fig. 
9, which also shows how 
open burning lanes should 
be maintained over the 
tuyére rows. With coals 
that proved acceptable to 
the plant, little or no cak- 
ing trouble was encoun- 
tered and open burning 
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Fic. 10 Sroker-Castina Losses In A MANUFACTURING PLANT BE- 
TWEEN 1923 AND 1936 


lanes were fairly well maintained throughout the length of the 
stoker. This eliminated conditions that were kindred to caking. 

Before the coal-selection program was initiated, casting losses 
some months amounted to as much as forty cents per ton of coal 
burned. Fig. 10 shows the decrease in casting loss which oc- 
curred as the program progressed. Carbon in the refuse was re- 
duced from approximately 35 per cent to 12 in this period and in- 
asmuch as the coals finally selected had a much lower ash con- 
tent than those formerly used, this represented a greater saving 
than indicated. 


TABLE 2 BREAKDOWN ANALYSIS OF ONE OF THE SATISFACTORY COALS 


Regular 
sample 
0X 
in, nut 
Size of coal, in. OX Va K eX 1 1K VA slack 
Screen test, per cent of each size 38.6 25.2 17.5 14.2 4.5 100.0 
Proximate analysis—-Air-dry basis 
Moisture, per cent 1.0 0.9 1.0 3.3 0.8 3 
Volatile matter, per cent 33.6 35.1 34.7 34.7 36.5 33.0 
Fixed carbon, per cent 58.7 57.5 56.6 57.6 56.7 59.7 
Ash, per cent 6.7 6.5 y 6.6 6.0 6.2 
Sulphur, per cent 7 0. 0.7 0.7 0.6 0. 
Btu per ib® 14,430 14,310 14,280 14,350 14,600 14,570 
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Softening temperature of ash, F 
Initial deformation temperature, F 2200 2575 2710 2810 2760 2550 
Fluid temperature, F 
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Table 2 is a breakdown showing screen test, proximate analysis, 
calorific value, and ash-softening temperature data of one of the 
most acceptable coals. The consistency of this coal, even in the 
smaller sizes, particularly the 0 X 1/4 in., is noteworthy. 


CONCLUSIONS 


(1) Errors in design and coordination of equipment in the plant 
threw an undue hardship on fuel and made its selection difficult. 

(2) Approximately 14 per cent, or about one out of each seven 
of the coals tested was adaptable to plant conditions. 

(3) Although the coal shown in Table 2 was higher in the 
0 X 1/-in. size than many of the other coals, it did not cause 
caking trouble. 

(4) Poor distribution of the fuel over the stoker was the crux 
of the problem. This initiated caking, caused improper air dis- 
tribution, and nonuniform burning over the grate area. 

(5) Many conditions described in this paper exist, although per- 
haps in some lesser degree, in hundreds of other plants, particu- 
larly in the medium-size and smaller plants, and cause endless 
trouble in selection of coal. 

(6) A great portion of the high-volatile coals of the United 
States come under the general classification of ‘coking coals’’ 
and many of the highest quality have a strongly coking tendency 
in underfeed-stoker fuel beds. 

(7) Large underfeed stokers of recent design appear to effect 
good fuel distribution, but older stokers and smaller industrial 
stokers of recent design appear to lack sufficient mechanical agita- 
tion to burn the strongly coking coals properly. 

(8) Had more mechanical agitation been provided in the stok- 
ers of the plant discussed, it would have largely overcome caking 
and would have resulted in many of the coals that were rejected 
being found acceptable. 
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(9) Mechanical agitation of the fuel bed has already proved 
effective in the case of residential stokers, and the author would 
urge manufacturers of industrial underfeed stokers not only to 
provide more mechanical agitation for new stokers, but also to 
develop agitating devices for existing stoker installations as the 
latter are burning most of the coal tonnage and will continue to 
do so for many years. Mechanically, a stoker should be flexible 
enough to prevent caking of the fuel bed. 

(10) With adequate fuel-bed agitation, coal size, particularly 
the proportion of 0 X !/, in. in the strongly coking coals will be- 
come of small importance. 

(11) This series of tests illustrates why a producer cannot sell 
his coal to some particular plant just because his analysis is 
satisfactory, and why those interested in market classification of 
coals must give great weight to the potential use value of the coal 
as well as its scientific value. 

(12) Maximum burning rate to which coal is subjected on any 
square foot of grate surface, rather than average burning rate per 
square foot of stoker area, is a determining factor in coal selection. 
The more freely a coal burns on a stoker the nearer the maxi- 
mum burning rate for the most active square foot of grate area 
approaches the average burning rate for the whole stoker, and 
the smaller that ratio becomes the lower is the maximum temp- 
erature of the fuel bed. Making a caking coal burn more freely 
is equivalent to increasing the fusion temperature of its ash. 

(13) Stoker owners and manufacturers should work in closer 
harmony so that the latter may have full advantage of the varied 
experiences of the former, particularly with regard to the com- 
bustion behavior of various coals in underfeed burning equip- 
ment. This to the end that stokers will become more flexible, 
permit a wider coal selection range, and not be affected by hair- 
line differences in coals. 
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Burning of Waste Liquors in the Kraft 
and Soda-Paper Industries 


By L. S. WILCOXSON,! 


The qualities and grades of papers produced from pulp 
made by alkaline (sulphate or soda) processes or the acid 
(sulphite) process are in themselves different and serve 
different purposes, but the processes have a common 
basis of operation in that wood chips are cooked in a 
digester with a chemical for the separation of the lignins 
from the cellulose of the wood; the cellulose, upon separa- 
tion, providing the pulp for the manufacture of paper. 
The author discusses the recovery of chemicals and heat 
from the waste liquors, resulting from the cooking of the 
wood, for the most economical operation of the alkaline 
processes. He gives an explanation of the factors involved 
in the combustion of these waste liquors after discussing 
briefly the alkaline processes and the method in which 
the waste liquors are produced. He discusses recent 
progress made in the heat-recovery and chemical-recovery 
units, describing in detail a modern unit for these pur- 
poses. The author deals with the important phases of 
combustion, operation of modern recovery units, main- 
tenance costs, heat balances of the units, and efficiencies 
of the units operating under various conditions. 


three major chemical processes are employed. These are: 
(1) The sulphate or “‘kraft’’ process, (2) the soda process, and 
(3) the sulphite process. 

The qualities and grades of papers produced from the pulp 
from these various processes are, of course, in themselves differ- 
ent, and serve different purposes, but the processes have a com- 
mon basis of operation in that wood chips are cooked in a di- 
gester with a chemical for the separation of the lignins from the 
cellulose of the wood—the cellulose, upon separation, providing 
the pulp for the manufacture of paper. 

The first two of the processes, namely kraft and soda, or col- 
lectively the alkaline processes, are those in which we are pri- 
marily interested at this time. 

The problem confronting the alkaline pulping industry is two- 
fold; namely, the recovery of both chemicals and heat from the 
waste liquors resulting from the cooking of the wood for the most 
economical operation of the process. 

In order to present clearly the factors involved in the com- 
bustion of these waste liquors a brief explanation of the proc- 


I: THE production of pulp for the manufacture of paper 
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esses themselves and the method in which the waste liquors are 
produced would be of value. 

In both of the alkaline processes, the basis of operation is the 
dissolving action of caustic soda on the nonfibrous matter of the 
wood. The processes differ in that the chemical used in the kraft 
process consists of sodium hydroxide and sodium sulphide, where- 
as in the soda process the chemical is sodium hydroxide alone, 
and furthermore, the woods used in the kraft process are nor- 
mally of the coniferous type, whereas in the soda process they 
are normally of the hardwood type. In both processes, however, 
the major problems involved in the disposal of the liquor and the 
recovery of values are essentially the same, and for the purposes 
of this discussion the kraft process will be considered. 

A flow sheet for a typical kraft pulp mill is shown in Fig. 1. 
In this process, coniferous woods such as balsam, hemlock, spruce, 
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fir, and more recently in the South, loblolly and slash pine, are 
thoroughly barked, and after being chipped are charged into a 
digester. The cooking liquor consists of a solution of sodium 
hydroxide and sodium sulphide in proportions varying some- 
what with the type of wood and particular cooking cycle being 
employed; these factors in turn being predicated on the grade of 
pulp required for the ultimate paper or board product. When 
the digester is charged with chips and cooking chemical the 
liquor is circulated under pressure normally through an external 
heater for the duration of the cook, which might be anywhere 
between 3 and 5 hr, depending on conditions. During this 
cooking operation, as previously mentioned, the lignins are 
separated from the cellulose by the action of the chemicals 
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forming a series of compounds having complicated chemical 
formulas. On the completion of the cook the contents of the 
digester are discharged into a diffuser or blow tank, the liquor, 
known as “black” liquor, being taken to a storage tank and the 
pulp going to washers prior to subsequent treatment in the 
manufacture of the paper. The wash water, or weak liquor 
from the washers, because of its chemical content, is added to 
the black liquor in the storage tank. 


TABLE 1 AVERAGE ANALYSIS OF WEAK BLACK LIQUOR 
Proximate analysis: 


Inorganic chemical or ash, per 6.7 
Analysis on the basis of dry solids: 
Combustible: 
3.6 
55.4 
Inorganic chemical or ash, per cent..................0.2e0e0- 446 


The liquor in the storage tank is available for the recovery proc- 
ess at approximately 11 deg Baumé, measured at 60 F, or say 
15 per cent solid content. The average analysis of weak black 
liquor is given’in Table 1. It will be noted the black liquor as 
recovered from the digester and pulp washing systems has a 
calorific value which is little more than sufficient to equal the 
requirements for evaporating its water content. Obviously, it 
must be concentrated to a point where the combustible content is 
adequate to support combustion, and this is most effectively 
accomplished in multiple-effect evaporators where the multiple 
exchange of latent heat permits an excess of steam being gener- 
ated over evaporation requirements upon burning of the com- 
bustibles in the liquor. The liquor thus concentrated then passes 
to a strong-liquor storage tank preparatory to the recovery proc- 
ess. 
In the actual recovery operation, since the inception of the 
kraft process as a modified form of the earlier soda process 
in about 1880, the equipment used has consisted, almost ex- 
clusively, until comparatively recently, of a rotary and smelter. 
As the name implies, the rotary consists of a rotating horizontal 
steel cylinder 8 to 10 ft in diameter and 20 to 30 ft long, lined 
with refractory. Hot gases resulting from the subsequent com- 
bustion of the dehydrated-black-liquor solids, known as “black 
ash,” produced in the rotary, are passed through the rotary 
countercurrent to the liquor in process of dehydration. The 
concentrated black liquor from the storage tank is fed into the 
rotary at one end, and in its passage therethrough, due to the 
motion of the rotary and temperature of hot gases, it is essentially 
completely dehydrated and discharged onto the operating 
platform adjacent the smelter in a dense, lumpy form, con- 
taining from 2 to 5 per cent moisture. This dehydrated liquor, 
or black ash, is then shoveled by hand into the smelter, or fur- 
nace, together with such chemical make-up as is necessary, where 
combustion takes place, the air for combustion being admitted 
through water-cooled tuyéres extending into the bed of black 
ash. The gases for combustion pass through the rotary and to 
the stack. 

The chemicals in the black-liquor solids, which in this instance 
constitute the ash of the fuel, are recovered in molten form due 
to the burning of the combustibles, and are largely in the form 
of Na,CO; or soda ash. The salt cake added as make-up chemical 
is also present in molten form, and due to the reducing action of 
the carbon in the bed is reduced to Na)S in accordance with the 
reaction 

NaSO, + 4C NaS + 4 CO 
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which is an endothermic reaction absorbing approximately 
3000 Btu per pound of Na,SO, reduced. The Na,CQs is not 
affected by this reducing atmosphere so that, as a result, a smelt 
containing Na,CO; and Na,S is discharged continuously from 
the smelter. This molten chemical is run into a dissolving 
tank forming a solution known as “green liquor.’’ In order to 
complete the chemical cycle this green liquor is next passed 
through a causticizing operation in which lime is added to the 
liquor with the application of heat, resulting in the chemical 
reaction 


Na,CO; + Ca(OH): + 2 NaOH + CaCO; 


The calcium carbonate is precipitated and removed by settling 
and filtering. As the Na,S is not affected by this reaction the 
liquor now consists of NaOH (as a result of the causticizing 
operation) and Na,S (as a result of reduction in the furnace it- 
self) and is available as a cooking liquor to be re-used in the di- 
gesters. 

Chemical recovery efficiency may vary within relatively wide 
limits, depending on control of operating conditions. There 
are two factors to be considered in so far as the chemical is con- 
cerned: First, the recovery, or conversely stated the losses from 
the recovery unit, due to sublimation of chemical from the zone 
of combustion and to mechanical carry-over; and second, reduc- 
tion, or the percentage conversion of Na,SO, in the liquor to 
NaS as a useful cooking chemical interpreted in terms of the 
amounts of these respective chemicals present in the green liquor, 
and expressed as Na,O or active alkali. 

It will be observed that the heat recovery in this cycle is an 
item of minor importance. From the inception of the process 
the pulp-mill operators’ primary consideration has been in 
connection with chemical recovery, the heat recovery being, until 
more recently, purely incidental. 

Progress naturally has been made in the heat-recovery side 
of this process, certain of the successive steps in the develop- 
ment also improving the chemical-recovery conditions. One of 
the earliest improvements was the use of a disk-type evaporator. 
This evaporator consists of a number of disks mounted on a 
shaft and rotatable in a chamber in which concentrated liquor 
from the multiple-effect evaporators is maintained at a level 
corresponding to the shaft location, the disks on rotation carry- 
ing liquor on their upper surfaces. The gases of combustion 
after passing through the rotary are conducted through the disk 
evaporator contacting with the wetted upper surfaces of the 
disks, thereby assisting in the evaporation of the liquor. While 
this evaporation by hot gases is on a basis of equivalent Btu 
as against the 2 or 3 lb of water evaporated per pound of steam 
in multiple-effect evaporators, the net result is, naturally, an 
increase in thermal efficiency and resulting decrease in the amount 
of steam necessary in the multiple-effect evaporators. At the 
same time, these disk,evaporators assist somewhat in chemical 
recovery, as the wet sticky surfaces of the disks in the path of 
the gases provide a catching means for some of the larger par- 
ticles of chemicals in suspension in the gases. 

The next step was the installation of waste-heat boilers operat- 
ing at low pressure located between the rotaries and the disk 
evaporators, which further increased the thermal efficiency of 
the unit. 

With all of these installations, certain important phases of 
combustion were very generally disregarded, and operation was 
conducted with high percentages of excess air in the discharge 
gases with attendant high heat losses. There was considerable 
leakage of air between the rotaries and the smelters, and where 
waste-heat boilers were installed the heating-surface arrangement 
was not such as to give the greatest economically justifiable 
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thermal efficiency, but rather merely a heat trap for some heat 
that otherwise would be wasted. 

Furthermore, maintenance costs were high. The sodium- 
base smelt reacts with SiO, and Al,O; in refractories forming 
sodium silicate (Na,SiO;) and sodium aluminate (NaAlO,), 
which not only result in high maintenance due to the wearing 
away of the refractories, but these silicates and aluminates in the 
green liquor interfere with the causticizing operation. Further- 
more, on being carried through the process in the chemical 
liquors they are apt to cause considerable trouble in the multiple- 
effect evaporators due to scaling of the heating surface. In an 
effort to minimize these problems soapstone, a dense magnesium 
silicate, has been used extensively with considerable success. 
Magnesia and chrome-base refractories also have been used with 
improved results. 

However, it was not until comparatively recently that an 
effort was made to overcome these objections while still main- 
taining the fundamental principles of the rotary and smelter. 
Several present-day installations consist of the same equipment, 
namely, smelter, rotary, waste-heat boiler, and disk evaporator 
and are operated in essentially the same manner, but water- 
cooled seals have been provided between the rotary and the 
smelter and boiler settings to prevent leakage, and the smelter 
has been water cooled. The waste-heat boiler and water-cooled 
smelter, are constructed for operation at pressures in the neigh- 
borhood of 450 Ib per sq in. to 600 lb per sq in. pressure. The 
thermal efficiency of the process has, therefore, been materially 
improved. 

Until 1925 the rotary and smelter comprised the sole method 
of recovery in this industry. During that year a spray-type 
furnace was introduced by Wagner and has been employed to a 
considerable extent and with considerable success since that 
date. The basis of operation of this process consists in the 
evaporation of the black liquor in multiple-effect evaporators 
and steam-heated concentrators to a concentration greater than 
that previously employed with the rotaries and smelters—to an 
extent of around 65 per cent solids. At this concentration, and, 
incidentally, at a temperature at which such a viscous liquor 
can be made to flow without undue difficulty, the liquor is 
sprayed into the top of a vertical cylindrical furnace, generally 
of refractory construction, with a water-cooled roof, through a 
nozzle so designed as to produce a finely divided spray. 
The theory of operation is that an individual particle of spray, 
in descending through the furnace, will successively pass through 
the stages of dehydration and distillation with partial com- 
bustion; the remaining combustible with chemical being deposited 
on the hearth where, upon completion of combustion, the chemi- 
cal in molten form flows continuously from the furnace. Air 
admission to the furnace is regulated so that a reducing atmos- 
phere is maintained in the bottom zone of the furnace to promote 
reduction of Na,SO, to NaS. The make-up chemical in this 
process is admitted independently of the black liquor, in an air 
stream adjacent to the point of liquor admission, the chemical 
reactions being the same as those previously described; however, 
the relative amount of mechanical carry-over of the small 
particles of Na,SO, admitted is questionable. As with the rotary 
and smelter process, the development of this process resulted 
in greater attention being given to thermal efficiency in more 
recent years. 

Resulting from experimental work conducted by Tomlinson 
starting in 1929, the most recent process about to be described 
was first installed in a commercial-sized unit of 75 tons pulp 
capacity in the Windsor Mills, Quebec, plant of the Canada 
Paper Company in 1934. Since then it has been widely adopted 
by the kraft industry throughout the world. 

The theory upon which this process is predicated involves a two- 
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stage operation in the furnace itself. In view of the low-grade 
high-ash and moisture characteristics of the fuel, as well as the 
endothermic heat-absorbing chemical reaction involved, the 
first stage consists of preparing the fuel for combustion, and the 
second stage the combustion itself. 


Btu per Lb 


Btu per Lb 


Fie. 2 CoMPARISON OF REPRESENTATIVE ANALYSES OF KRaFtT- 
Process Biack Liquor 


Obviously, the degree of fuel preparation will depend upon 
the actual analysis of the fuel being handled. In the analysis 
of numerous black-liquor samples from various pulp mills 
located in all the paper-making sections of this country and 
Canada, advantage has been taken of the opportunity to study 
carefully not only specific liquor conditions, but observe such 
generalizations as are permissible for all liquors. Fig. 2 indi- 
cates in graphical form a comparison of some of the factual data 
obtained from a number of representative analyses. The samples 
are grouped regionally: The northeast, including the New 
England States and Quebec; the north central, including Wis- 
consin and Minnesota; the northwest, including Washington 
and Oregon; the southeast, including Florida, Georgia, and the 
Carolinas; and the south central, including Louisiana and Texas. 
The several curves represent items of the ultimate analysis of 
the liquor, as well as calorific values on the dry basis and on the 
moisture and ash-free basis. It might naturally be expected 
that the calorific value of the lignins, as indicated by the Btu 
curves on the moisture and ash-free basis might fall within 
relatively narrow limits for the coniferous woods in the same 
region, with possibly a greater calorific value for the more 
resinous woods such as the loblolly, longleaf, and slash pine of 
the south and southeast. Actual analyses, however, show a 
variation of approximately 10 per cent, and the resinous woods 
of the southeast and south-central regions show generally lower 
calorific values than the less resinous woods such as spruce, 
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Fig. 3 ARRANGEMENT OF RECOVERY-PROCEsS UNIT 


balsam, hemlock, and fir. This latter factor is probably ex- 
plainable by the fact that the resins in these woods form soaps 
with the alkaline cooking chemical; these soaps, segregate on 
the surface of liquor which has been standing for any length of 
time, so that any inadequacy in sampling properly would 
be reflected in the ultimate results. A further factor to be con- 
sidered is that in certain mills utilizing these resinous woods 
the black liquor is desoaped, the soap being treated for by- 
product recovery and the desoaped liquor employed in the re- 
covery process. The results as shown in Fig. 2, however, are 
actual analyses of samples submitted, and upon which recovery- 
unit performances have been predicated. The ash or chemical 
content naturally varies with the cooking conditions and the 
grade of pulp being produced, and it will be observed that this 
item ranges from between 36 and 46 per cent on the dry basis, 
a variation of more than 20 per cent. 

It has been found that all analyses of black liquor made, 
fall generally within the limits of variation indicated by these 
curves, so that the extremes of liquor conditions that might be 
expected to be encountered in the design of recovery units are 
fully appreciated. 

The first condition to be determined is the preliminary con- 
centration of the liquor prior to admission to the recovery 
furnace. Obviously, the lower limit of concentration is deter- 
mined by the water content of the liquor and the effect that it 
has, due to latent-heat absorption, on combustion in the furnace. 
The upper limit is determined by economic considerations, for 
obviously, if the liquor could be evaporated to dryness with the 
multiple exchange of heat as in multiple-effect evaporators, this 
would be more economical thermally than accomplishing a por- 
tion of the evaporation by hot gases on an equivalent Btu basis. 
With higher concentrations of liquor, however, the viscosity 
increases to a point where neither natural nor forced-circulation 
evaporation can satisfactorily handle it. Actual experience has 


indicated that 50 per cent solid concentration is close to the 
lower limit, and quadruple-effect evaporators, with possibly 
the last stage forced circulation, will produce satisfactorily be- 
tween 58 and 60 per cent solid concentration. 

In view of these circumstances, a concentration of solids of 
55 per cent at a temperature of 220 F is specified for delivery 
to the furnace for recovery purposes. 

The chemical losses in the recovery process must be com- 
pensated for in the most economical manner, and as these 
losses consist of sodium base and sulphur, the latter due to 
disintegration of the sodium sulphide in the cooking process 
ahd sodium sulphate in the recovery furnace with mercaptans 
(CH;SH) and the like being lost from the digester relief gases, 
and SO, and SO; in the furnace gases, they are replaced most 
readily by the addition of salt cake or Na,SO, to the furnace; 
this chemical as previously noted, is reduced to sodium sulphide 
in the furnace due to the reducing atmosphere maintained 
therein. These losses, it will be appreciated, are the summation 
of all minor losses in the cyclic chemical process, starting with 
the digester and including chemical remaining in the pulp, that 
lost to the sewer in weak wash water, line leaks, furnace losses, 
and causticizing filter losses. The sum total of these losses 
is readily determined by liquor quantities and analyses, the 
compensating amount of Na,SO, being determined and added 
to the black liquor prior to its admission to the furnace. The 
salt cake is added in solid form, being crushed to '/s-in. size and 
less, and upon addition to the liquor is kept in suspension therein 
by mechanical agitation up to the time of use. 

The black liquor thus prepared, at a solid concentration of 
55 per cent, with solid Na,SO, added and maintained in suspen- 
sion, and at a temperature of 220 F, is in the desirable condition 
for admission to the recovery furnace. 

The operation of the process can probably best be under- 
stood by reference to Fig. 3, which shows the arrangement of an 
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actual unit installed and in operation. Reference to the arrange- 
ment of heating surface will be made after the process and 
method of operation have been described. 

The mixture of black liquor and suspended salt cake is de- 
livered to the furnace spray nozzle, located in the front wall of 
the furnace, at a pressure of approximately 50 Ib per sq in. by 
means of a single-stage open-impeller centrifugal pump. The 
spray nozzle is of special design, being of such construction as 
to produce an essentially horizontal sheet of relatively large 
particles of liquor, and consists of a nozzle producing a jet of 
liquor which impinges upon a flat-plate distributor, the angle 
between the jet and the plate and also the diameter of the jet 
depending upon such factors as the furnace size and flow ca- 
pacities. Fig. 4 shows the details of the nozzle, the method of 
mounting it on the furnace wall, and the mechanism employed 
for producing the motion about to be described. This is the first 
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Fic, 4 Dertaits or AND OSCILLATING MECHANISM FOR 
Sprayina Biack Liquor INTO THE FURNACE 


of the two stages of operation to be accomplished in the furnace, 
and consists primarily of the preparation of the wet fuel in suit- 
able condition for subsequent combustion. This coarse spray 
is of major importance in this stage of the operation as it pro- 
duces the following three desirable results of major importance 
in the process: 

1 It insures a minimum of atomization with production 
of small particles which might, because of their size, become 
thoroughly dehydrated in their flight across the furnace and be 
burned in suspension, resulting in the remaining minute particles 
of chemical being picked up by the furnace gases and carried out 
of the furnace. 

2 It insures essentially all of the black liquor admitted into the 
furnace being deposited on the walls while in a still partially 
wet condition, so that the material will adhere to the walls. 

3 It insures an equal distribution of spray across the cross- 
sectional area of the furnace, and so obviates as much as possible 
laning of the gases passing therethrough. 

With this method of spraying, the liquor is deposited on 


WILCOXSON—BURNING WASTE LIQUORS IN KRAFT, SODA-PAPER INDUSTRIES 


29 


the rear wall and side walls of the furnace, where its complete 
dehydration can be accomplished and a char formed suitable 
for burning on the hearth of the furnace. 

In order to accomplish the dehydration to best advantage 
by controlled distribution of liquor on the furnace walls it was 
found during early experimental work that best results could be 
obtained by giving the spray a “paint brush” motion on the walls 
in question. This is accomplished by imparting to the nozzle a 
combined vertical and rotational oscillating motion, the vertical 
up-and-down motion providing the “paint brush” effect for the 
rear wall, and the rotational oscillation providing essentially 
the same effect for the side walls. The mechanism for pro- 
ducing these component motions is shown in Fig. 4. 

The net result of the use of this form of nozzle and the com- 
bined motions described is, as will be appreciated, the im- 
pacting of the individual particles of spray on the rear and side 
walls of the furnace over a vertical distance that can be readily 
regulated by the spray-nozzle mechanism controlling the ampli- 
tude of the two oscillations. Considering an individual particle 
of spray, this, in its flight across the furnace is partially de- 
hydrated, but impacts against the wall in a wet and sticky con- 
dition. Due to the nozzle motion, an immediately subsequent 
particle does not light in the same place, but either higher or 
lower, depending upon the motion of the nozzle at that par- 
ticular time. Consequently, the deposited spray particle is sub- 
jected to the radiant heat from the furnace and essentially de- 
hydrated before the spray motion again deposits a particle of 
wet liquor in that same location. Similarly, each individual 
particle so deposited on the walls is dehydrated. The net result 
is that the liquor deposited on the walls builds up a char formation 
which, because of its method of development, is relatively light 
and porous. This char continues to build up until a thickness 
of 10 in. to 15 in. is accumulated and then, because of its own 
weight, it breaks off and falls to the hearth in lumps of varying 
size. This cycle of building up and dislodgment of char from 
the walls recurs continuously during the operation of the furnace. 

The second stage or actual combustion takes place on the 
hearth of the furnace. The lumps of char dropping from the side 
walls and rear wall are fairly evenly distributed and provide a 
reasonably constant fuel bed on the hearth of the furnace. 
Primary air is admitted through air ports which are distributed 
evenly around the furnace, this air amounting to about 90 per 
cent of the air required for theoretically perfect combustion and 
being introduced at an angle of 30 deg to the horizontal, thus 
impinging downwardly upon the bed of char and forming channels 
therein, in which combustion takes place. The products of com- 
bustion, rising through the furnace, traverse the spray and assist 
in the dehydration of the particles in flight. Secondary air is 
admitted to the furnace, above the upper level of char deposi- 
tion, to complete the combustion of carbon monoxide rising 
from the fuel bed and also such hydrocarbons as are distilled 
off from the char on the walls. Normally, combustion is main- 
tained satisfactorily with 25 per cent excess air. 

In the combustion zone, the chemical contained in the char 
is melted and flows down through the char forming the bed to 
the hearth, which is sloped in all directions toward the tap hole 
through which the molten smelt is tapped continuously. This 
chemical, as smelted from the char, is largely in the form of 
Na,CO, together with salt cake added and other sulphur com- 
pounds such as thiosulphates. The Na,CO; is unchanged in its 
passage through the char, the only heat, therefore, being taken 
up by this chemical being its sensible heat and heat of fusion. 
The Na,SO, and other sulphates, however, are reduced in the 
presence of carbon to Na,S, according to the general formula 


Na,SO, + 4C — NaS + 4CO 
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with endothermic absorption of heat amounting to approximately 
3000 Btu per lb Na,SO,. The smelt, therefore, consists of NazCOs 
and NaS. The oxygen released from the Na,SO, in its reduction 
to NaS is available for combustion, under normal circumstances, 
amounting to approximately 3 per cent of the total oxygen re- 
quired. 

Referring again to Fig. 3, the unit illustrated is one actually 
in operation which was designed for a capacity of 20,300 lb of 
55 per cent solid-concentration black liquor per hr, which on the 
basis of 3000 Ib of dry solids (lignins and chemical) per ton 
of pulp produced is equivalent to a capacity of 90 tons of pulp 
production per day. The unit is operated at a pressure of 450 
lb per sq in. and a total steam temperature of 660 F. The actual 
steam production is 40,100 lb per hr. 

It will be noted that apart from the modification of furnace 
design to meet the specific requirements of this process involving 
the low-grade fuel, the construction is essentially a standard 
construction of power-plant unit. The furnace is entirely water- 
cooled, employing fully studded construction, the tubes being 
3'/, in. outside diameter on 6-in. centers. The studded wall 
construction is covered with plastic chrome ore, this refractory 
having been chosen after exhaustive experiments as being that 
most suited because of the neutral characteristics of Cr.O; to 
withstand the chemical action of the smelt, which has a melting 
point of between 1500 and 1650 F, depending on the actual 
percentages of various sodium salts present, and which, as pre- 
viously noted, has such marked effects upon the refractories in 
completely refractory furnaces of earlier designs. It is a fact that 
the sodium salts of the smelt have a decidedly corrosive action 
not only on refractory but also on steel at elevated temperatures. 
This action takes place in the furnace as constructed and origi- 
nally put into operation, but within a relatively short period of 
operation an equilibrium condition is reached between the molten 
smelt, refractory, and metal of the studs, which, when once reached 
is, so far as experience to date would indicate, maintained in- 
definitely. The action in so far as temperature conditions are 
concerned, as well as fluxing of refractory, is exactly analogous 
to that obtaining in a pulverized-coal-fired furnace, but in this 
recovery furnace there is also the additional and exceedingly 
active corrosive condition of the smelt. Once the temperature- 
equilibrium condition is obtained there is no further wasting 
away of refractory or metal, with the result that the smelt and 
resulting green liquor is not contaminated with such compounds 
as sodium aluminates and silicates that will be formed with un- 
cooled refractories at furnace temperatures. This alleviates 
conditions in the multiple-effect evaporators, obviating scaling 
conditions and also improves the causticizing operation. The 
side walls of the furnace, as shown in the sectional front eleva- 
tion, taper somewhat from the top to the bottom, the tubes of 
the side walls being expanded into a common lower header run- 
ning lengthwise at the center of the bottom of the furnace. The 
hearth is formed on the bottom horizontally inclined sections 
of these tubes of a solid mass of plastic chrome ore, the contour 
of all portions of the surface sloping toward the tap hole, located 
at the center of the front wall at the bottom to insure continuous 
and complete tapping of the molten smelt. The primary air 
ports, as indicated, are located on 12-in. centers between alternate 
wall tubes, these ports extending along both side walls and rear 
wall of thefurnace. Each primary port is independently regulated 
by means of a sliding damper, so that, if due to some inequality 
of spray distribution the char might build up more on one sec- 
tion of the bed than another, this can be compensated for by 
regulating the air admission. Secondary air potts are located 
immediately above the primary ports in the upper portion of 
the furnace, both sets of ports taking their air supply from a 
common duct leading hot air from the air heater. The secondary 
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air is regulated by means of dampers in the connecting ducts. 
The slag spout, which is entirely external to the furnace, is water 
cooled by service water, and is designed for adequate circulation 
to insure long life. 

The boiler in this particular unit is a conventional Babcock & 
Wilcox straight-tube boiler designed with an adequate slag 
screen to prevent bridging of the tubes with an accumulation 
of the particles of chemical carried therethrough in the gases, 
which chemical, or smelt, as previously noted, has a low melt- 
ing point of between 1500 and 1650 F. The boiler is designed 
for three passes of the gases, there being an overdeck loop- 
tube type of superheater, the tubes of which are, incidentally, 
on wider spacings than standard in view of the inevitable depo- 
sition of chemical from the gases. The subsequent economizer 
and air heater are of conventional design, the air heater being 
designed for an air temperature of approximately 300 F. Sub- 
sequent to the air heater is shown a spray tower, the function 
of which is to scrub the gases to remove solid particles of chemi- 
cal, and at the same time to evaporate, to the extent permissible 
with the low-temperature heat in the gases, weak liquor prior 
to the multiple-effect evaporators. 

Reference has been made in the description of the unit to the 
chemicals carried away in the furnace gases. This chemical 
is the result of mechanical carry-over of particles of the black 
liquor burned in suspension, and containing the chemical ash, 
and also of sublimation from the combustion zone. In discussing 
the spray conditions the care taken to avoid the mechanical 
carry-over was described in some detail, and while, of course, 
this cannot be eliminated entirely, investigations have indicated 
rather conclusively that it is an extremely small percentage of 
the fuel fired to the furnace. Sublimation of chemical from the 
furnace bed is inevitable to a certain extent with the tempera- 
tures prevailing in the combustion zone, which are between 
2000 and 2200 F, and it is primarily this chemical that prevails 
in the gases passing over the heating surface. It is generally 
understood that sublimation is the breakdown and volatilization 
of sodium compounds which, upon cooling, condense into molecu- 
lar-sized particles with possibly further reactions taking place 
between the particles of solid matter and the gases. In investi- 
gating this situation an interesting comparison was found to exist 
between samples of chemical deposited in different portions of 
the unit. From the lower tubes in the first pass of a B.&W. boiler, 
such as shown in Fig. 3, the analysis showed approximately 48 
per cent Na,CO, and 50 per cent Na,SO,, while from the tubes in 
the third pass the analysis showed 96 per cent Na,SO, with com- 
plete absence of Na,CO;. This indicated that the deposits on 
the slag-screen tubes of the first pass had been partially caused 
by mechanical or physical carry-over as evidenced by the presence 
of Na,CO;, which would be present in any particle of black- 
liquor solids that might have been picked up by the gases and 
burned in suspension. The complete absence of carbonate in 
the third-pass deposits indicated black-liquor entrainment as 
being a negligible source, and that the predominant source was 
fume resulting from sublimation. This observation is further 
substantiated by analysis of dust deposits removed from the 
boiler hoppers, economizer and air-heater surfaces, and also from 
experimental operation of the spray tower with water as the 
circulating medium, wherein the chemicals separated from the 
gases were found to be virtually pure Na,SO,. 

With this burden of chemical in the heating gases the heat- 
absorbing surface must naturally be designed to accommodate 
it, and the design factors employed must necessarily contain 
allowances in the use of a dirtiness factor to determine the correct 
amount and allocation of heating surface to obtain desired results. 

A second design of unit now being used extensively where 
space conditions permit, is illustrated by Fig. 5. This unit, in 
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Fic. 5 ANoTHER DesiGN oF Recovery-Process UNIT 


which the fundamental operation is the same as that already 
described, is more applicable for larger capacities. The boiler, 
as shown, is of a three-drum bent-tube design, there being one 
upper drum and two lower drums with their axes parallel to the 
flow of gases. The boiler tubes are vertical for the major portion 
of their lengths, the tubes ahead of the superheater being rela- 
tively widely spaced to provide an effective slag screen, while 
those subsequent to the superheater are more closely spaced 
and staggered in the interests of good heat-transfer conditions. 
The superheater is of the loop-tube construction and fully 
draining. There are no baffles of any description in this boiler, 
providing for an uninterrupted straight through-pass of the gases. 
These features have been incorporated in the boiler design par- 
ticularly in view of the burden of finely divided chemical to 
which reference has been made. The narrowness of the boiler 
bank, the vertical arrangement of tubes, the absence of baffles 
or any projecting drums all assist in the easy and complete re- 
moval of such chemical as might be deposited on the tubes, and 
it will be observed that a large continuous hopper is provided 
under the boiler for the recovery of such chemical as might be 
deposited there. This hopper is divided into sections by vertical 
steel baffles, which extend only up to the heating surface of the 
boiler, their sole function being to prevent the by-passing of 
gases from the heating surface. Subsequent to the boiler are the 
economizer and air heater. As to whether or not an economizer 
is installed depends, naturally, upon the economics of any 
particular installation being considered. The air heater, how- 
ever, is more of a necessity and represents a standard piece of 
component equipment in view of the fact that hot air has such 
beneficial effects in the combustion of this low-grade and high- 
moisture fuel. 

This particular installation has a capacity of 28,500 lb of 
55 per cent solid-concentration black liquor per hr, which on 
the basis of 3000 lb of dry lignin and chemical solids per ton 
is equivalent to 125 tons of pulp produced per day. The unit is 
built for a working pressure of 450 lb per sq in., producing 55,300 
Ib steam per hr at a pressure of 430 Ib per sq in. and a total 
temperature of 660 F. 

It will be noted that the major difference in the furnaces of 
these two units illustrated in Figs. 3 and 5 for respective ca- 
pacities of 20,300 and 28,500 lb of black liquor per hr, is in the 
depth of the furnace. The reasons for this will be obvious on 


TABLE 2 OPERATING CONDITIONS F hae HEAT BALANCE 
SHOWN IN FIG. 
Solids in weak black liquor, per cent. 15.0 
Solids in concentrated black liquor, per cent................-.. 55.0 
Weight of Na:SO, added per pound of black ee eee 0.08 
Analysis of black liquor, as fired: 
Analysis of black-liquor solids, dry basis: 
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TABLE 3 EATS FOR UNIT SHOWN 


Per 
Btu cent 
Input: 
alorific value of 1 lb of black-liquor solids.............. 6500 97.8 
Sensible heat in black 150 2.3 
Output: 
Heat absorbed by water and steam..................045 4000 60.1 
Endothermic heat of reduction (NazSO« —> NaS)........ 250 3.8 
Latent heat of moisture Im 855 12.9 
Latent heat of hydrogen in fuel................00s0008- 374 5.6 
Direct evaporation in spray tower.................00005 381 5.7 
Radiation and unaccounted for losses................5.- 266 4.0 


examination of the facts. The air for combustion penetrates 
into the bed of char and with a reasonable wind-box pressure of 
6 in. water the effective zone of combustion in the direction of 
air travel is not only limited, but constant—irrespective of 
capacity. The width of the furnace in this vicinity of the air 
ports is slightly greater than twice the effective distance of com- 
bustion zone for a certain specified wind-box pressure, so that 
during operation there is an effective combustion zone extending 
from each side wall toward the center of the furnace, with a 
middle inactive zone between acting as a fuel reservoir. The 
width of the furnace thus being constant, the capacity of any 
particular unit is attained by variation in its depth. The furnace 
shown in Fig. 5 has a depth of 17 ft 6 in., and is the largest which 
so far has been built, the capacity being 28,500 lb of liquor per 
hour. This furnace is operated with a single spray nozzle, and 
due to the trajectory of the spray this depth of furnace is about 
the maximum for a single-spray furnace design. Should it be 
economically desirable to go to larger furnaces, multiple sprays 
would undoubtedly be used. 

The heat balance of such a recovery unit is illustrated dia- 
grammatically by the flow sheet shown in Fig. 6, under conditions 
of operation as given in Table 2. A representative heat balance 
is given in Table 3. Of the steam generated 1460 Btu is required 
for the multiple-effect evaporation of the black liquor from 15 
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per cent solids to 55 per cent solids, leaving a net excess of steam 
equivalent to 2540 Btu, or 38.2 per cent of the heat input per 
pound of black-liquor solids fired. 

Practically all modern recovery units are installed for operation 
at steam pressures of between 450 and 600 Ib per sq in., with 
total temperatures of steam between 650 and 750 F. The steam 
as generated in the recovery units can either be tied in with 
other high-pressure steam being generated by direct-fired units 
in the plant going to condensing extraction turbines, or it might 
be fed to an individual back-pressure turbine, depending, natu- 
rally, upon the economic setup of any particular mill. E[Ex- 
traction stages are normally at 125 lb per sq in. for digester 
steam and 40 to 50 lb per sq in. for evaporator steam. 

These recovery units are supplied with sufficient semiautomatic 
control to simplify operating conditions for the operator. The 
control is indicated diagrammatically in Fig. 7 in connection 
with a three-drum unit. The flow of black liquor and of com- 
bustion air are measured and recorded on the same chart, the 
relationship of these two records making available to the operator 
the immediate control of combustion conditions. The black- 
liquor flow is controlled by a manually operated valve on the 
operating platform, the operator adjusting the flow of liquor to 
the furnace, depending on mill operating conditions. The liquor 
and air-flow records are so adjusted as to be superimposed one 
above the other for correct combustion conditions, normally set 
for 25 per cent excess air, and the air flow is varied by a selector 
control on the control panel either adjusting the damper position 
with a constant-speed forced-draft fan, or rheostat with a 
variable-speed fan. The induced-draft fan dampers with 
constant-speed fan are automatically controlled by furnace 
pressure. In addition to this control, steam flow is recorded, 
together with feedwater temperature and superheated-steam 
temperature. Gas temperatures at various strategic loca- 
tions and air temperature are also recorded, and draft gages 
are installed to indicate the draft conditions over consecutive 
sections of the heating surface. 
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Fig. 8 Typicat CHART FOR A 
NorMAL Day's OPERATION OF A Recovery UNIT 


Fig. 8 shows a typical black-liquor-flow-air-flow chart during 
a normal day’s operation, illustrating clearly the constant 
operating conditions obtainable with these units. Fig. 9 shows 
the steam-flow chart corresponding to the liquor and air flow of 
Fig. 8. 

Summarizing it can be stated that modern power-plant equip- 
ment has been successfully adapted to the combustion of low- 
grade liquid fuel containing 30 per cent combustible, 25 per cent 
ash, and 45 per cent moisture, with a calorific value of approxi- 
mately 3600 Btu per lb as fired. 

As far as the sulphite process is concerned, to which brief 
reference was made at the beginning of this paper, this is an acid 
process in contrast to the alkaline process just considered, the 
cooking liquor consisting of calcium bisulphite, or a solution of 
Ca(HSOs;)2 in H,SO;. While the waste liquor in this process 
contains an equivalent Btu value to the black liquor of the 
alkaline process, and is thereby susceptible of utilization for its 
heat value (incidentally, satisfactory disposal of a liquor which 
with normal mill operation results in stream pollution) there 
is no economic advantage involved in the recovery of the chemical 
in view of the low dollar value of limestone used as a base for 
making the cooking liquor and the inability to use it in a cyclic 
process. That the low-grade waste liquor can be used as a fuel 
has, however, been definitely proved by an experimental run 
made with a batch of liquor concentrated to 50 per cent solids; 
80,000 Ib of this concentrated liquor was burned in a Kraft 
recovery unit, such as shown in Fig. 3. The heat recovery was 
as expected and predicted, the 50 per cent concentrated 
liquor burning very readily. In view of the high melting point 
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Fic. 9 SreamM-FLow CHART CORRESPONDING TO THE LIQUOR AND 
Arr FLow SHown InN Fie. 8 


of the CaSQ,, which is the principal form of the oxidized chemical 
in the liquor, the ash was in dry condition. The calcium in the 
ash, in addition to appearing as a sulphate, was also present as 
carbonate and oxide. 

At the present time, further experimental work is being under- 
taken with the sulphite process, the basis of this work being 
the use of a magnesium-base cooking liquor instead of the pre- 
viously accepted calcium base. These experiments have reached 
the point where it has been proved, by operation of a pilot plant, 
that magnesium bisulphite cooking liquor produces a pulp 
equivalent, if not in certain respects superior to the calcium-base 
liquor, and that an economical cyclic chemical recovery can be 
accomplished; the magnesium base in the waste liquors, on 
combustion in the furnace, is recovered as a dry ash consisting 
largely of MgO with some MgCO; and a small percentage of 
MgSO, this recovered ash being in suitable form for the making 
of bisulphite cooking acid. The chemical recovery, in view of 
the dry condition of the ash and the absence of sublimation, is 
high, as also is the heat recovery in view of the absence of endo- 
thermic reactions in the furnace. 

While any prediction as to the ultimate outcome of the pilot- 
plant experimental work is probably premature at the present 
time, the results so far obtained are quite promising for a com- 
mercial magnesium-base sulphite recovery process. Such a 
process would be economically justified because of the chemical 
and heat-recovery values alone, and the additional feature of 
eliminating stream pollution in the vicinity of sulphite mills 
would solve a problem that has been for years, and still is, of 
major importance. 
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Protecting Steel Against Intercrystalline 


Attack in Aqueous Solution 


By W. C. SCHROEDER,’ A. A. BERK,? anv R. A. O'BRIEN,‘ COLLEGE PARK, MD. 


This paper reports the effectiveness of (a) sodium sul- 
phate, (6) sodium phosphate and other inorganic com- 
pounds, and (c) a number of organic materials in protect- 
ing steel against intercrystalline attack. The test re- 
sults, given in the tables, form the basis for concluding 
that certain materials are effective in protecting steel 
against such attack; from the least effective to the most 
effective these chemicals would be (1) sodium carbonate, 
(2) sodium phosphate, (3) sodium sulphate, (4) quebracho 
and Philippine cutch, (5) lignin sulphonate, and (6) con- 
centrated sulphite waste liquor. The position of sodium 
sulphate and other inorganic salts in this list is deter- 
mined by their action in solution rather than any pos- 
sible mechanical plugging they may cause. 


a picture of the physical and chemical factors involved in the 

production of intercrystalline cracks in boiler steel. It isnow 
possible to produce such attack in the laboratory over a wide 
range of temperatures, solution compositions, and stresses; and 
consequently to study thoroughly means for protecting the steel 
under all of these conditions. 

The present evidence strongly indicates that intercrystalline 
cracks are produced by solutions that corrode the grain bound- 
aries while leaving the crystal faces relatively free from attack. 
The rate and depth of intergranular penetration depend largely 
on extremely low concentrations of various impurities in the cor- 
roding solution and, in turn, the effect of the minor constituents 
seems to be due to the type of surface they produce on the metal. 
It has been found that there are degrees of intercrystalline 
attack just as there are degrees in severity of pitting or over-all 
corrosion. A slight change in solution composition will determine 
whether a specimen subjected to a given stress will have only a 
few grain boundaries attacked to microscopic depth even in un- 
limited time or whether the crack will go entirely through the 
steel in a matter of days or weeks. 

Just as there are degrees and rates of intercrystalline attack 
depending on microscopic differences in surfaces, solution com- 


[epicure of te pb during the past three years has developed 


1 The investigation reported in this paper was conducted under a 
cooperative agreement between the Joint Research Committee on 
Boiler Feedwater Studies and the U. S. Bureau of Mines. It was 
supervised by a subcommittee of which J. H. Walker is chairman, 
and was carried out at the Eastern Experiment Station of the Bureau 
of Mines, University of Maryland. Published by permission of the 
Director, U. S. Bureau of Mines. 

2? Research Chemical Engineer, Joint Research Committee on 
Boiler Feedwater Studies, the Eastern Experiment Station, U. S. 
Bureau of Mines, University of Maryland. 

3 Assistant Chemist, U. S. Bureau of Mines. 

‘ Assistant Metallurgist, Joint Research Committee on Boiler 
Feedwater Studies, U. S. Bureau of Mines, University of Maryland. 

Contributed by the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting of THe AMERICAN 
Society or MECHANICAL ENGINEERS, held in New York, N. Y., 
December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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positions, and internal stresses, there are degrees in the effective- 
ness of chemical protection. Some compounds are satisfactory 
under almost all of the known conditions that will cause attack, 
whereas others have a limited field of usefulness. 

Three assumptions are implicitly involved in the laboratory 
tests for the protection offered by various chemicals and the 
relation of these tests to boiler operation. They are as follows: 
(1) A wide variety of solutions produce intercrystalline failure 
in the laboratory; and cracking in boiler seams results from a 
process essentially the same, but perhaps much less rapid. (2) 
Substances that inhibit intercrystalline cracking in the acceler- 
ated laboratory tests presumably will inhibit cracking in a boiler. 
(3) The substances that are most effective over a wide variety of 
conditions in the laboratory should be the most advantageous 
for use in practice. The successful application of the protective 
methods depends on the accuracy of these assumptions. 


Fie. 1 Left: Eccenrric-Groovep Specimen. Right: 
ConcENTRIC-GROUND TENSILE SPECIMEN 


The action of various compounds to stop cracking has been 
studied on eccentric-grooved, concentric-ground, and U-bend 
specimens. The first two types shown in Fig. 1 are tubular, 
closed at one end, made of boiler-flange steel, and a stress is 
applied by means of a push rod passing up through the center 
that is connected to a weight-and-lever system. A known 
reproducible and constant stress can be created in the concentric- 
ground specimen and while the actual metal stress cannot be 
so readily calculated for the eccentric-grooved specimen, it is 
accurately reproducible. The concentric-ground specimen was 
used to test for protection under conditions of relatively uniform 
stress while the eccentric-grooved one provided a test under 
highly localized stress. The equipment, procedure, and a large 
number of results for tests with these specimens in sodium hy- 
droxide-sodium silicate solutions have already been described.* 

5“The Effect of Solution Composition on the Failure of Boiler 
Steel Under Static Stress at 250° C,” by W. C. Schroeder, A. A. Berk, 


and E. P. Partridge, Proceedings American Society for Testing 
Materials, vol. 36, 1936, part 2, pp. 721-754. 
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The U-bend specimen shown in Fig. 2 is made of cold-rolled steel 
(S.A.E. 1020), and is drawn together at the ends by a bolt to 
create as high an applied stress as possible. It is sufficiently 
reproducible to give uniform results in the tests for cracking in 
solutions boiling at atmospheric pressure. A number of results 
with this type of specimen have recently been described.* 
Table 1 summarizes the data for the time required to produce 
failure of eccentric-grooved and concentric-ground specimens 
under various conditions in sodium hydroxide-sodium silicate 


‘ 


Fic. 2. U-BENpD SPECIMEN 


solutions. Each line represents results from several tests at the 
temperature, solution composition, and stress indicated. The 
hours required for failure are about the same whether the stress 
is applied to the specimen at room temperature before the heat 
is applied to the bomb or at the test temperature. The time 
shown in this table may be compared directly with the time of 
failure in the presence of a protective agent to estimate the 
beneficial value of the added compound. If the difference in 
failure time is less than two or three days, it is not considered of 
significance, or rather it is almost within experimental error, for 
results are not absolutely reproducible due to slight variation in 
physical properties of the steel or to variation in the way the 
cracks start and develop. 

In general, a test period of ten days has been found sufficient 
to determine the action of a protective compound. The results 
show that if the specimen does not crack or break within this 
period, it will almost invariably run 20 or 30 days without failure. 
To make the experiments as conclusive as possible, however, 
future tests are planned for 30 or 60 days. 

Much detailed study has been made and the results are pre- 
sented in this paper on the protection afforded (1) by sodium 
sulphate, (2) by sodium phosphate and other inorganic compounds, 
and (3) by a number of organic materials. 


PROTECTION BY SODIUM SULPHATE 


The study of the protection that may be afforded by sodium 
sulphate is extremely interesting in view of its recommended use to 
prevent cracking in actual boiler operation.”* It has apparently 
been satisfactory in many cases but some practical evidence has 
been offered to show that this is not always true. Its influence 
in the tension tests has been found to depend on the temperature 
at which the stress is applied, and in the U-bend tests on the 
solution conditions that are producing cracking. Discussion of re- 
sults are divided as follows: Stress application at room tempera- 
ture, stress application at test temperature, and U-bend tests. 

Stress Application at Room Temperature. Table 2 shows the 


6 ‘‘Intercrystalline Cracking of Steel in Aqueous Solutions,’’ by 
W. C. Schroeder, A. A. Berk, and R. A. O’Brien, Metals and Alloys, 
vol. 8, November, 1937, pp. 320-330. 

7 Boiler Construction Code. Section VII (1933) The American 
Society of Mechanical Engineers, New York, N. Y. 

8 “Embrittlement in Boilers,” by F. G. Straub, Engineering Ex- 
periment Station, Bulletin 216, 1930, University of Illinois, Urbana, III. 
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TABLE 1_ BREAKING TIME FOR ECCENTRIC-GROOVED AND 
CONCENTRIC-GROUND SPECIMENS IN SODIUM HYDROXIDE- 
SODIUM SILICATE SOLUTIONS 


Applied 
stress, G per 100 g H:0 Approx. 
Type of Ib per A Failure, avg Temp, 
specimen sq in.¢ NaOH Na;SiO; NaCl hr failure, br 
Eccentric- 
grooved 40000 25 0.16 nr 10-43 20 2506 
Eccentric- 
grooved 30000 0.16 22-90 60 250 
Eccentric- 
grooved 40000 25 0.4-1.6 bie 40-73 60 250 
Concentric- 
ground 60000 25 0.3-3.0 om 55-135 100 250 
Concentric- 
ground 60000 40 0.25-1.0 0.15 58-60 60 150¢ 


? Calculated for minimum cross section of specimen. 
> Temperature 250 C (482 F, 561 |b per sq in., gage). 
¢ Temperature 150 C (302 F, 54 lb per sq in., gage). 


TABLE 2 TESTS WITH SODIUM SULPHATE ON ECCENTRIC- 
GROOVED SPECIMENS. AT ROOM TEM- 


G per 100 g H:0 


Specimen stress, ———— Failure, No failure, 

no. lb per sq in. Na:SiO; Na:SO,u hr days 
16.16 30000 0.16 1.6 35 

16.27 40000 0.16 8 45 

13.19 40000 0.16 10 108 

14.50 40000 0.16 12 10 
13.27 40000 0.16 12 40 

13.30 40000 0.16 12 

13.18 40000 0.48 12 95 

13.10 40000 0.48 12 58 

16.23 30000 0.16 16¢ 53 re 
13.10 40000 0.16 16¢ mm 10 
13.21 40000 0.16 16 10 
14.10 40000 0.16 16¢ 10 
16.22 40000 0.16 16 10 
16.19 30000 0.16 16 10 
14.15 40000 0.48 16 10 
16.25 40000 0.80 16 68 

14.23 40000 1.60 16 117 ue 
13.12 40000 0.18 Covered> — 10 
13.11 40000 1.80 Covered> wa 10 
13.23 40000 5.00 Covered’ 10 


@ Slight excess over saturation at the atmospheric boiling point of the 
solution. Sodium sulphate added to bomb as solid. 

6 Ten grams dissolved before loading bomb. 

Norte: Test temperature was 250 C (482 F, 561 lb per sq in., gage), 25 ¢ 
NaOH per 100 g H:0. 


action of dissolved and solid sodium sulphate when the stress is 
applied to the specimen at room temperature and the bomb is then 
heated to the operating temperature. With one exception, no 
significant increase in breaking time is noted for concentrations of 
sodium sulphate up to 12 g per 100 g of water. At 16 g the first 
specimen failed but six following this did not fail. Under these 
experimental conditions, it is evident that 16 g of sodium sulphate 
offer a definite amount of protection; however, the last two tests 
in this series (16.25 and 14.23) show that increase in silica concen- 
tration will destroy this beneficial action. 

In test 14.23, the ratio of sodium silicate to sodium hydroxide 
is 1.6 to 25 and a feedwater containing potential alkalinity equiva- 
lent to 20 ppm sodium hydroxide (26.5 ppm sodium carbonate 
alkalinity) would need only 1.4 ppm sodium silicate to destroy 
this sulphate protection. In all the tests reported in this paper the 
ratios between sodium silicate and sodium hydroxide are those 
that can develop in a boiler using a normal feedwater. 

For those experiments not specifically marked in the first three 
groups of Table 2, the sodium sulphate was dissolved in the solution 
while it was boiling at atmospheric pressure. The solution was 
immediately loaded into the bomb, the specimen was put in 
place, the stress applied, and heating to test temperature started. 
Some sodium sulphate doubtless crystallized from the solution 
during loading but a portion of this would tend to redissolve 
while the bomb was heating. 

Since saturation in 25 g of sodium hydroxide at 250 C is 
approximately 29 g of sodium sulphate per 100 g of water, the ac- 
tual amount of this salt in solution during the test could probably 
be increased by covering the specimens with solid. This has been 
done in the last three tests shown in Table 2, and failure was 
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prevented even up to 5 g of sodium silicate per 100 g of water. 

From these tests, it may be concluded that either a solution 
essentially saturated with sodium sulphate will protect the steel 
when the stress is applied at room temperature, or, as suggested 
by Straub,’ the presence of the solid sulphate exerts a beneficial 
influence. 

Differentiation between these two influences can be made by 
studying the action of a saturated solution in the absence of any 
excess solid. This could not readily be done in the tension bomb 
used for the tests in Table 2, and the equipment shown in Fig. 
3 was designed for this purpose. 
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Fie. Test Boms For TUBULAR SPECIMEN 
(Solution inside) 


The specimen is again tubular, but this time the solution is on 
the inside instead of the outside. The stress is applied by means 
of a large spring acting through the heavy rod connected to the 
top of the bomb. This spring was calibrated in a tensile-strength 
testing machine, and a force of approximately 1 ton per in. was 
required for compression. It was compressed about 4 in. during 
the actual test, and stresses were readily reproducible within 500 
lb per sq in. The bomb, test specimen, and bottom holder were 
enclosed in an electrically heated air thermostat maintained at 
250 C. Heat for evaporation was provided by a coil wound di- 
rectly on the specimen and steam was bled off through the line 
shown at the top of the bomb. 

For these sodium sulphate tests the bomb was loaded with a 
solution containing about one third of the desired concentrations. 
The stress was applied to the specimen, the unit was heated to 
250 C by means of the air thermostat, and then the heating coil 
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TABL ;7 3 TESTS WITH SODIUM SULPHATE ON TUBULAR SPECI- 
MENS. STRESS APPLIED AT ROOM TEMPERATURE 


G per 100 g H.0 


Specimen - Failure, No failure, 
no. Na2SO, hr days 

11.22 1.37 60 

11.27 2.00 5 20 

11.23 1.37 15 24 j 
11.25 1.37 15 24 a 
11.26 2.00 25 me 15 
11.24 2.00 13 


@ Very small amount of excess solid present. 

Nore: Applied stress was 60,000 lb per sq in.; test temperature was 250 
C (482 F, 561 lb per sq in. gage); and concentration included 25 g NaOH 
and 0.5 g NaCl per 100 g of H20. 


4 TESTS WITH SODIUM SULPHATE ON ECCENTRIC: 
GROOVED SPECIMENS. STRESS APPLIED AT 250 C 


G per 100 g H20 


Specimen — stress, — Failure, 

no. per sq in. NaeSiOs Na2SOu hr 
16.28 40000 0.16 16 120 
14.8 40000 0.16 16 36 
15.3 40000 0.32 Saturated@ 5 
16.6 40000 0.18 Covered 56 
16.3 30000 0.16 Covered 80 
15.4 40000 0.35 Covered> 24 


_ @ Saturation is 29 g Na:SO, per 100 g H:O at 250 C. Rotated 24 hr to 
insure saturation. 

+ Rotated 24 hr to insure saturation. 

Nore: Test temperature was 250 C; concentration included 25 g NaOH 
per 100 g 
was turned on. About two thirds of the water was bled off at 
constant pressure to give the desired solution concentration, and 
the test was continued to show whether or not protection existed. 
The results are shown in Table 3. The first one, without 
sodium sulphate, indicates that failure can readily be produced in 
this equipment with sodium hydroxide-sodium silicate solutions. 
The specimens failed with 5 and 15 g of sodium sulphate but did 
not fail with 25 and 29 g per 100 g of water. From these results, 
and as far as can be ascertained from the previous tension tests, 
it seems reasonable to conclude that a saturated solution offers 
just as much protection as the presence of excess solid in contact 
with the steel. This would be expected in a reaction occurring 
between a solid phase (steel surface) and a solution phase. The 
presence of a salt as a second solid could have almost no influence 
unless it formed a continuous impermeable scale or coating. 

Since Tables 2 and 3 show that the protective effect of sodium 
sulphate increases with concentration it will bedesirable to saturate 
the solution before the sodium hydroxide concentrates to the 
point where it will attack the grain boundaries. These limiting 
sodium hydroxide values have been determined at all temperatures 
from 120 to 300 C. Anew method for this determination is being 
tested, however, and the actual values will be given when this 
work is finished. 

With room-temperature stress application, sodium sulphate 
seems to offer fairly adequate protection, but all of these tests 
have been run in 25 g of sodium hydroxide per 100 g of water. 
Cracking can also be produced in higher sodium hydroxide con- 
centrations, and as the hydroxide increases, the solubility of the 
sodium sulphate decreases. Two tests were made with eccentric- 
grooved specimens at 250 C with the stress applied at room 
temperature in a solution containing 50 g of sodium hydroxide 
and 3 g of sodium silicate per 100 g of water. Although the 
specimens were covered with solid sodium sulphate, failureoceurred 
in 27 hr in one case and 30 hr in the other. Tentatively this may 
indicate that the concentration of sulphate at saturation under 
these conditions is too low to prevent intercrystalline attack. 

Stress Application at Test Temperature. In boiler operation, it 
is possible that a butt strap, plate or rivet may suffer distortion or 
increase in applied stress while at operating temperature in con- 
tact with a concentrated solution that will cause intercrystalline 


* W. C. Schroeder, A. and Everett P. Partridge. Pro- 
ceedings, American Society_ for Testing Materials, vol. 36, part 2, 
1936, pp. 755-769. 
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cracking. Those changes in the metal may be created by tem- 
perature or pressure variation, or by vibration or structural 
movement. It is desirable to determine if the agents used to 
prevent cracking are effective under these conditions. This was 
done experimentally by applying the stress while the specimen was 
in contact with the solution at test temperature. 

Table 4 shows six tests in the regular tension bombs® on eccen- 
tric-grooved specimens with the stress applied at 250 C. Failure 
quickly occurred in all cases. In two experiments, saturation 
with sodium sulphate was insured by rotating the bomb in an air 
thermostat at test temperature, and then transferring it into the 
equipment for applying the tensile load. During transfer, the 
temperature dropped about 20 or 30 deg, but there was still a 
high concentration of sodium sulphate in solution. 

This same series of tests was repeated on concentric-ground 
specimens at 250 C and sodium sulphate did not stop failure with 
sodium silicate concentrations above 0.8 g per 100 g of water. 
There is no evidence to indicate that sodium sulphate in solution 
or as loose crystals of solid offers any significant protection when 
the stress is applied at the test temperature. 


TABLE 5 TENSION TESTS ON THE PLUGGING ACTION OF 


SODIUM SULPHATE 
G per 100 g H:20 No Width of 
Specimen “~ Failure, failure, annular 
ne. Na:SiO; NaCl Na:SO, hr days ring, in. 
11.28 2.0 1.0 kis 8 0.047 
11.3 2.1 1.0 30 96 0.047 
11.31 2.0 1.5 Filled with solid 12 0.047 
11.32 2.0 1.5 Filled with solid 10 a 0.047 
11.33 2.0 1.5 Filled with solid -: 8 0.015 
11.34 2.0 1.5 Filled with solid 100 oe 0.015 
11.35 2.0 1.5 Filled with solid 3 0.015 
Nore: Test temperature was 250 C (482 F, 461 lb per sq in., gage). A 


stress of 35,000 lb per sq in. was applied at room temperature and then 
raised to 50,000 lb per sq in. at 250 C. Concentration included 25 g NaOH 
per 100 g H:0. 

Since the present theories concerning intercrystalline cracking 
demand a relatively concentrated attacking solution, it is possible 
that sodium sulphate might produce protection by mechanically 
plugging capillary spaces or seams as a boiler water is concen- 
trated in them. This plugging action has been tested in the spring 
bomb shown in Fig.3. A solid steel bar was inserted in the speci- 
men to leave a uniform space between it and the inside wall of 
0.047 to 0.015 in. The solution put into this bomb was so ad- 
justed that the small annular space would be plugged with solid 
long before the sodium hydroxide and sodium silicate concentra- 
tions were high enough to cause cracking. 

Table 2 shows that a saturated solution of sodium sulphate will 
protect the steel when the stress is applied at room temperature; 
therefore, to distinguish any plugging action, it will be necessary 
to apply at least part of the stress at elevated temperature. 
This high-temperature application may, however, have a tend- 
ency to break the sodium sulphate in the annular space and should 
be kept at a minimum. 

In the test results given in Table 5, a load of 35,000 lb per sq in. 
was applied at room temperature, the bomb heated to 250 C, the 
solution evaporated to plug the annular space with solid sodium 
sulphate, and the evaporation continued to give the correct solu- 
tion concentration; then the stress was raised to 50,000 lb per sq 
in. The first test indicated that this procedure readily caused 
failure in the absence of sodium sulphate; the second, that a 
saturated solution would not stop cracking; and the next two, 
that protective plugging with sodium sulphate could not be ob- 
tained with an annular space of 0.047 ir. In the last three 
experiments with a 0.015-in. space, failure occurred in two cases. 
These results show that it is extremely difficult to keep the solu- 
tion out of this space with a deposit of solid sodium sulphate. 

U-Bend Tests. It has recently been found that boiling sodium- 
hydroxide solutions, in the presence of small amounts of various 
oxygen-containing compounds, will cause rapid cracking of 
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U-bend specimens such as shown in Fig. 2.6 The depth of crack- 
ing in a given time, as well as the number of cracks in a specimen, 
depend on the particular oxidizing agent in the solution. For 
example, sodium hydroxide-sodium chromate solutions will 
produce relatively fine cracks in 6 or 7 days while sodium hy- 
droxide-lead oxide solutions will crack a '/,-in. steel specimen 
almost through in 1 to 3 days. The action of these solutions 
offers an excellent opportunity to study the protective effect of 
sodium sulphate under conditions that produce either light or 
relatively severe cracking. 

In sodium hydroxide-sodium chromate solutions, 7 g of dis- 
solved sodium sulphate per 100 g of water will prevent cracking. 
On the other hand, covering the specimen with sodium sulphate in 
sodium hydroxide-lead oxide solutions did not even materially 
delay cracking. Since the stress on these specimens was un- 
changed after they were once immersed in the solution, this 
offers a clear-cut case of almost complete breakdown in protection 
by dissolved sodium sulphate, or by loose crystals of solid sodium 
sulphate. 


PROTECTION—SopiIuM PHOSPHATE AND OTHER INORGANIC SALTS 


In the salines of a steam boiler using material amounts of 
treated water for feed, there are appreciable concentrations of a 
number of inorganic salts other than sodium sulphate. These 
compounds may include sodium chloride, sodium carbonate, 
sodium phosphate, sodium sulphite and calcium or magnesium 
salts. Sodium chloride in certain relatively low concentrations 
has been found to slightly increase the intercrystalline attack by 
sodium hydroxide-sodium silicate solutions, and its action will be 
discussed in future papers. The data in this section of the paper 
show that some of the other salts exert a definite tendency to 
stop the reactions under certain limited conditions. 


TABLE 6 TESTS WITH SODIUM PHOSPHATE ON ECCENTRIC- 
GROOVED SPECIMENS 


Temp. of 
Specimen Applied G per 100 g H:0 No stress 
no. stress —_——_--~——— Failure failure, application 
lb per sq in. NasPOs hr days Cc 
16.12 30000 0.16 0.48 ee 11 Room 
16.17 40000 0.16 0.48 227 a? Room 
4.5 40000 0.16 1.00 ‘“* 10 Room 
4.4 40000 0.16 5.00 10 Room 
13.29 40000 0.16 .00 10 Room 
7.19 40000 0.16 Covered 10 Room 
14.1 30000 0.80 0.48 47 Room 
14.4 30000 0.80 2.40 38 Room 
4.6 40000 0.80 5.00 ee 10 Room 
5.2 40000 1.60 5.00 52 Room 
61.131 40000 3.00 5.00 50 Room 
16.95 40000 0.16 0.20 14 250 
16.7 40000 0.16 1.60 16 ; 250 
13.28 40000 0.16 5.00¢ 162 7s 250 
4.1 40000 0.16 5.00 wis 10 250 
5.9 40000 0.16 5.00 10 250 
5.28 40000 0.16¢ 5.00 38 es 250 
4.3 40000 0.80 5.00¢ 47 250 


@ Small amount of excess solid present. 

’ Commercial sodium hydroxide. 

¢ Contains 0.5 g NaCl per 100 g H:0. 

Nore: Test temperature was 250 C (482 F, 561 lb per sq in., gage); con- 
centration included 25 g NaOH per 100 g of H:0. 


Table 6 shows the influence of trisodium phosphate on the 
failure of eccentric-grooved specimens at 250 C in sodium hy- 
droxide-sodium silicate solutions when the stress is applied at room 
and test temperatures. Concentrations above 1 g per 100 g of 
water stopped failure with low silica when the stress was applied 
at room temperature. With high silica and similar loading, tests 
5.2 and 61.131 indicate failure even when the solution contains 
enough phosphate to be saturated at 250 C. In these experi- 
ments, it was not necessary to take special precautions to dissolve 
the phosphate at the elevated temperature since, in alkaline 
solutions as well as in water, the solubility decreases with increase 
in temperature above the boiling point. 

When the stress was applied at 250 C, 5 g of sodium phosphate 
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stopped failure only with 0.16 g of sodium silicate per 100 g of 
water. The last two tests in this series show that either the 
addition of sodium chloride, or increase in silica, destroyed the 
beneficial action of the phosphate. This salt appears to be 
definitely inferior to sodium sulphate since it will not stop failure 
with appreciable silica concentration even when the stress is 
applied at room temperature. 

Table 7 shows that sodium sulphate and sodium phosphate in 
solution together are no more effective than the individual salts 
in preventing failure of eccentric-grooved specimens. With the 
stress applied at room temperature, failure occurred in the pres- 
ence of high silica. When the stress was applied at 250 C, failure 
occurred in every case. The solutions containing 30 g of sodium 
sulphate and 3 g of sodium phosphate are approximately saturated 
at this temperature. 


TABLE7 TENSION TESTS WITH DISSOLVED SODIUM SULPHATE 
AND SODIUM PHOSPHATE eV_eeeeeeeeee SPECI- 


Temperature 

: G per 100 g H:0 No of load 

Specimen ~ ~ Failure, failure, applica- 

no. Na:SiO; NasPOs hr days tion, C 

6.27 0.16 5 0.10 aa 10 Room 

7.26 0.80 5 0.07 120 a Room 

61.14 1.60 30 3. 59 Room 
7.23 0.16 5 0.10 125 250 
19.27 0.16 5 0.15 16 250 
7.25 0.16 10 0.05 21 250 
7.28 0.16 10 0.10 15 250 
7.30 0.16 10 0.25 13 250 
19.29 0.16 10 1.00 13 250 
61.30 1.60 30 3.00 89 250 


Nore: Applied stress was 40,000 lb per sq in.; test temperature was 250 


Cc oes F, 561 lb per sq in., gage); concentration included 25 g NaOH per 100 


TABLE 8 TESTS WITH SODIUM CARBONATE ON ECCENTRIC- 
GROOVED SPECIMENS 


G per 100 g H:0 No Temperature of 
Specimen ~— ~ Failure, failure, oa 
no. Na:SiOs Na:CO; hr days application, C 
55 0.16 0.8 10 Room 
4.28 0.16 1.6 10 Room 
4.19 0.16 3.2 ise 10 Room 
5.10 0.16 3.26 130 ie Room 
4.13 0.16 8.0 oy 10 Room 
14.22 0.16 12.04 10 Room 
7.18 0.16 Covered Re 10 Room 
5.1 0.80 3.2 148 ae Room 
4.27 0.80 8.0 55 as Room 
4.26 0.16 3.2 21 250 
4.21 0.16 8.0 10 250 
4.14 0.16 12.0¢ 10 250 


® Small amount of excess solid present. 

> Solution also contained 0.5 g NaCl per 100 g H:0. 

Note: Applied stress was 40,000 lb per sq in.; test temperature was 250 
Cc Ger 561 lb per sq in., gage); concentration included 25 g NaOH per 100 
go 


A series of tests with sodium carbonate on eccentric-grooved 
specimens is shown in Table 8. These are mainly of academic 
interest, since it is difficult to hold, in a boiler, carbonate con- 
centrations equal to 30 or 40 per cent of the sodium hydroxide. 
With application of stress either at room or at high temperature, 
the addition of enough carbonate would stop failure when the 
silica was low. A higher concentration of silica destroyed this 
protection even when specimen was stressed at room temperature. 

In the U-bend tests with solutions of sodium hydroxide—lead 
oxide boiling at atmospheric pressure, neither sodium phosphate 
nor sodium carbonate, even in high concentration, would prevent 
cracking. 

In the tests shown in Table 9, a new procedure was used to 
determine possible protection by sodium sulphate alone, or in the 
presence of small amounts of phosphate or carbonate. The 
stress was applied at room temperature, the test continued for at 
least 10 days to see that protection existed, and while the bomb 
was at 250 C, the load was reduced to zero and reapplied at the 
initial value. This variation was made carefully to eliminate 
any possibility of impact. 
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ABLE 9 STRESS-VARIATION TESTS WITH DISSOLVED AND 
SOLID SODIUM SULPHATE —_— -GROOVED SPECI- 


G per 100 g H:0 Fail- No 


Specimen ~ ure, failure, 
no. NaSiOs Na:sSO;« Added salt Conc. application hr days 

6.10 0.18 Covered None ae Room Pe 10 
6.10A Same Released and re- 

applied at 250C 19... 
6.18 0.90 Covered None aa Room ae 15 
6.18A Same Released and re- 

applied at 250 C 65 
6.27 0.16 5 NasPQ. 0.1 Room a 10 
6.27A Same Released and re- 

applied at 250C ... 7 
6.25 0.16 5 NasPO; 0.5 Room ‘a 10 
6.25A Same Released and re- 

applied at 250 C 34... 
6.28 0.16 5 Na:CO; 1.0 Room ee 10 
6.28A Same Released and re- 


applied at 250 C 5 


Norte: Applied stress was 40,000 lb per sq in.; test temperature was 250 
Cc ae ¥. 561 lb per sq in., gage): concentration included 25 g NaOH per 100 
0 


TABLE 10 TESTS WITH OXIDIZING AGENTS ON ECCENTRIC- 
GROOVED SPECIMENS 


G per 100 g H:0 


No 
Specimen Failure, failure, 
no. Na2SiOs Added conc. Salt hr days 

16.13 0.16 NasCrO, 0.16 121 
16.8 0.16 1.60 10 
14.12 0.16 NazCrOu 10 
14.13 0.80 NaeCrOu 1.60 10 
61.116 0.16 NaNO; 0.10 ue 10 
61.100 0.16 NaNOs 0.16 aq 12 
16.10 0.16 NaNO; 1.60 ll 
61.64 0.16 KMnO, 0.16 190 
16.15 0.16 KMnO, 1.60 10 


@ Solution also contained 10 g NaCl per 100 g H:0O. 

Nore: Applied stress was 40,000 lb per sq in., test temperature was 250 C 
(ees F, 561 lb per sq in., gage); concentration included 25 g NaOH per 100g 

2. 


In the first two tests when the specimens were covered with 
loose crystals of sodium sulphate, failure quickly occurred after 
the variation in stress. The addition of a small amount of sodium 
phosphate together with dissolved sodium sulphate stopped failure 
in one case, but not in the second. Any increase in silica con- 
centration would probably cause failure in all cases with the 
sulphate-phosphate mixture. Failure still occurred in the last 
test when sodium carbonate was added. The results indicate 
that wide stress variations at high temperature are sufficient to 
destroy the protection offered by sodium sulphate under these 
conditions. 

At the present time it is possible to offer only a partial mechani- 
cal explanation for the difference produced by stress application 
at room temperature and at test temperature on the protective 
action of such salts as sodium sulphate. Stressing the steel at 
room temperature may produce the major part of the metal 
distortion so that the sodium sulphate can form a protective film 
as the bomb heats up that will endure through the test. On the 
other hand if the steel is stressed after arrival at elevated tem- 
perature, the deformation of the metal may break any film that 
has been formed at lower temperature, and this film may not 
reform with sufficient speed to prevent the solution from starting 
cracks and producing failure. This reasoning assumes that 
sodium sulphate stops failure through film formation or by reducing 
the permeability of the iron oxide layer, and that the reactions 
that produce the protective coating are slow enough at the ele- 
vated temperature to allow intercrystalline attack to occur. 
These assumptions have not yet been tested. 

A number of experiments have been run to determine if salts 
other than sodium sulphate, sodium phosphate, and sodium car- 
bonate would stop failure of eccentric-grooved specimens at 
250 C. The test solution contained 25 g of sodium hydroxide 
and from 0.16 to 0.8 g of sodium silicate per 100 g of water, and 
the stress was applied at room temperature. Failure was not 
delayed or prevented in the presence of 0.16 g of sodium silicate 
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‘by potassium iodide, zine chloride, stannic chloride, sodium 
aluminate, or titanium oxide. High concentrations of sodium 
fluoride, sodium sulphide, sodium sulphite, and sodium arsenite 
prevented failure only when the sodium silicate concentration 
was below 0.8 g per 100 g of water. 

With the stress applied at 250 C, sodium sulphite, sodium sul- 
phide, sodium arsenite, sodium borate, ammonium chloride, 
sodium molybdate, and iron filings did not stop failure of the steel 
with sodium silicate concentrations of 0.16 g per 100 g of water. 
Zirconium chloride stopped failure under these conditions, but 
this salt probably could not be used in boiler-water treatment. 
Ferrous sulphate delayed but did not completely stop failure under 
these conditions. 

The test results in Table 10 indicate that failure can be pre- 
vented at 250 C by oxidizing agents such as sodium chromate, 
sodium nitrate, and potassium permanganate even when the load 
is applied at test temperature. These compounds cannot now 
be suggested for introduction into the boiler due to their possible 
decomposition and their actual promotion of intercrystalline 
cracking under some conditions at low temperature.‘ 


PROTECTION BY ORGANIC COMPOUNDS 


With the exception of the oxidizing agents, no inorganic salt 
has been found that protects the steel when it suffers material 
change in stress at elevated temperature in contact with a con- 
centrated sodium hydroxide solution containing appreciable 
amounts of sodium silicate. In order to secure the maximum 
protection, chemical methods should be available for stopping 
failure under the most severe experimental conditions that can 
be created. Since inorganic salts were not suitable, a large 
number of tests with organic compounds have been tried. 

Using eccentric-grooved specimens under a stress of 40,000 lb 
per sq in. applied at 250 C, and in contact with a solution con- 
taining 25 g of sodium hydroxide and 0.16 g of sodium silicate, 
the following organic materials did not prevent failure: Soluble 
starch, stearic acid, tannic acid, gelatine, sucrose, oleic acid, 
amino stearin, formic acid, gum tragacanth, cellulose and dex- 
trine. These compounds have been named in the form in which 
they were added and not as they existed in the solution. The 
concentration of each organic material was approximately 1 g per 
100 g of water. 

The organic material that first protected the steel with the 
stress applied at high temperature was a residue obtained by 
evaporation to dryness of the sulphite liquor used to digest wood in 
the manufacture of paper, which is sometimes denoted as ‘“gou- 
lac.” In the first series of results in Table 11, failure was pre- 
vented by the addition of 1.6 g of sulphite residue per 100 g of 
water. Test 8.11 shows that this same amount offered protection 
when the sodium silicate concentration was 0.8 g per 100 g of 
water. In the last test, the sulphite residue protected the steel 
even when the applied stress was 50,000 lb per sq in. 

The total solids from a sulphite waste liquor would normally 
contain approximately 60 per cent lignin, 15 or 20 per cent of 
various sugars, a small amount of calcium and minor amounts of 
other materials.'° 

The test results in Table 12 were undertaken to see if the 
lignin compounds were responsible for the protective action. 
The lignin was freed from most of the impurities in the waste 
liquor by precipitation as calcium lignin sulphonate and the wet 
precipitate was neutralized with acid to remove part of the lime. 
The acid treatment was not carried far enough to give free lignin 
sulphonic acid. The resulting compound"! which will be designated 


10 ‘Analysis of Sulphite Waste Liquor,” by A. M. Partansky and 
H. K. Benson, Paper Trade Journal, vol. 102, February 13, 1936, 
pp. 29-35. 

11 Furnished by Marathon Chemical Company, Rothschild, Wis. 
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TABLE 11_ TESTS WITH EVAPORATED RESIDUE FROM SULPHITE 
LIQUOR ON ECCENTRIC-GROOVED SPECIMENS 


. Applied G per 100 g H.0 No 
Specimen stress, —~ Failure, failure, 
no. lb per sq in. Na:SiO; = Lignin® hr days 
17.30 40000 0.16 0.1 20 
8.1 40000 0.16 0.2 36 
8.2 40000 0.16 0.3 32 
8.10 40000 0.16 0.5 55 Ly 
17.11 40000 0.16 1.6 ie 10 
17.29 40000 0.80 0.5 19 P 
8.11 40000 0.80 1.6 i 12 
8.28 50000 0.80 1.9 10 


* Residue obtained from evaporation of sulphite waste liquor to dryness; 
sometimes called ‘‘goulac.”” 

Nore: Stress applied to the specimen at 250 C; test temperature 250 C 
a 4 561 lb per sq in., gage); concentration included 25 g NaOH per 100 g 
of H20. 


TABLE 12 TESTS WITH LIGNIN SULPHONATE ON ECCENTRIC- 
GROOVED SPECIMENS AT 250 C 


G per 100 g H:0 


Applied — 
P stress, Lignin No 
Specimen lb per sulphon- Failure, failure, 
no. sq in NaOH Na:SiOs NaC! ate® hr days 
8.19 40000 25 0.8 1 i 10 
8.25 50000 25 0.8 1 a 10 
8.3 60000 25 0.8 l 138 x 
9.8 60000 25 0.8 2 i 10 
9.2 50000 25 0.8 0.5 1 179 os 
9.12 50000 25 0.8 0.5 2 os 10 
9.15 40000 25 3.2 1 : 10 
50000 25 3.2 1 37 
9.14 50000 25 3.2 4 er 10 
61.153 40000 50 3.0 a 1 10 
63.95 600006 50 5.0 0.5 2 10 


* Commercial material made by acid neutralization of calcium lignin 
sulphonate. 

Concentric-ground specimen. 

Norte: Stress applied to the specimen at 250 C; test temperature 250 C 
(482 F, 561 lb per sq in., gage). 


TABLE 13 TESTS WITH LIGNIN SULPHONATE ON CONCENTRIC- 
GROUND SPECIMENS AT 150 C 


P Applied Lignin 
Specimen stress, sulphonate? Failure, No failure, 
no. Ib persqin. g per 100g hr days 
61.132 60000 1 1546 es 
61.183 60000 2 466 oP 
63 . 26 60000 5 231 + 
63.29 50000 1 134 6 
63.113 60000 le 14 
63.99 60000 1¢ 10 


@ Commercial material made by acid neutralization of calcium lignin sul- 
phonate. 

+ Failure at shoulder of specimen. 

¢ Lignin sulphonate preheated at 250 C for 48 hr. 

Nore: Stress applied at 150 C; test sonpereene 150 C (302 F, 54 lb per 
sq in., gage); concentration included 40 g NaOH, 0.25 g NasSiOs and 0.15 g 
NaCl per 100 g of H:0. 


as lignin sulphonate was weighed out and added directly to the 
solution for the bomb. It is soluble in acid, neutral and alkaline 
solutions. 

In the concentrated alkaline solution in the bomb any residual 
calcium should be precipitated leaving essentially a sodium lignin 
sulphonate. Phillips citing Streeb states that lignin sulphonic acid 
could be desulphonated by treatment with alkali so the end ma- 
terial could be essentially lignin,'? or, of course, a decomposition 
product of lignin. 

The results in Table 12 show that 1 g of lignin sulphonate per 
100 g of water stopped failure at 50,000 lb per sq in. With 2 g 
protection was secured at 60,000 Ib per sq in. or at 50,000 Ib per 
sq in. in the presence of chloride. Failure was prevented by 4 g 
of this material when the sodium silicate was as high as 3.2 g per 
100 g of water. It would seem that lignin is one of the main 
protective constituents in residue from the sulphite waste liquor. 

The last two experiments in Table 12, with 50 g of sodium hy- 
droxide per 100 g of water deserve especial attention. This 
solution destroyed all protection offered by sodium sulphate even 
when the stress was applied at room temperature, yet protection 


12The Chemistry of Lignin,’’ by M. Phillips, Waverly Press, 
Baltimore, Md., p. 330. 
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TABLE 14 TESTS WITH CONCENTRATED SULPHITE WASTE LIQUOR AT 150, 200 AND 250 C preliminary autoclaving also in- 
Applied No 

Specimen stress, G per 100 g H:0 Fail- _fail- dicates the presence of other 
per jum we. Temp. agents. These may be the same 

No. Type sqin. NaOH Na:SiO; Na ulphite liquor r ays 

63.70 Concentric-ground 60000 25 0.32 0.30 1 .. 10 250 compounds that result from heat- 
61.133 Eccentric-grooved 50000 25 9.80 ay 3 13 250 ing the alkaline solution of lignin 
61.127 Eccentric-grooved 50000 5 
63.20 Concentric-ground 60000 400.25 0.15 3 19 200 sulphonate at 250 C. 
63.18 Concentric-groun 60000 2 
63.13 Concentric-ground 65000 40 3 13150 While the lignin compounds 
63.25 Concentric-ground 60000 40 0.25 0.15 3 15 150 and the concentrated sulphite 
63.11 Concentric-ground 60000 40 1.00 0.15 eae - 13 150 li ff P 
63.30 Concentric-ground 60000 40 0.25 1.00 Acid? filtrate 172 av 150 iquors seem to offer quite satis- 
63.31 Concentric-ground 60000 40 0.25 0.20 Acid? precipitate re 10 150 


~ @ Filtrate from 1.9 5 sulphite liquor precipitated with HCl. 
+ 1 g of precipitate from acid treatment of sulphite liquor. 
Nore: All loads applied at test temperature. 


TABLE 15 TESTS WITH PHILIPPINE CUTCH AT 150, 200, AND 250 C 


factory protection against inter- 
crystalline cracking up to 250 C 
they must be investigated 
further. Their protective action 
should be determined after evaporation 


Applied from dilute to concentrated solution. 
ime 7 - - mp., 

Bee ure. ure, Their possible decomposition products 
No. Type sq in. NaOH Na:SiOz; NaCl Cutch hr days must be studied especially at pressures 
9.20 Eccentric-grooved 40000 25 0.16 ait 1 ‘ 10 250 b lb , d hould 
9.26 Eccentric-groov . 40000 25 +g eis 1 2 = above 500 per sq in., and means shou 
63.2 Concentric-groun 60000 40 0.25 ; 1 
63.19 Concentric-ground 60000 40 1.00 0.15 2 13. +200 be developed for testing the boiler water 
63.9 Concentric-ground 65000 40 - a 1 15 150 for the agent that is protecting the steel. 
63.37 Concentric-ground 60000 40 0.25 0.15 1 1l 150 In boal bove 400 
63.12 Concentric-ground 60000 40 1.00 0.15 1 38 ae 150 n boilers operating at pressures above 
63.1 Concentric-ground 60000 40 1.00 0.15 2 Re 13 150 


Nore: All loads applied at test temperature. 


TABLE 16 TESTS WITH QUEBRACHO AT 250 AND 150 C 


Ib per sq in. gage carbonaceous scales'* 
have been reported when the feedwater 
contained organic compounds, presumably 
including lignin. This may be another 


Applied No limi 
G per 100 g Fail- fail. factor that will limit the temperature at 

- ~—— . Ib per og gee ure, ure, Temp. which these materials can be used. 

No. Type Three tests have been made to see if 
9.1 Eecentric-grooved 40000 25 0. 16 ’ 10 fr chestnut and oak extracts would prevent 
9.5 Sccentric-grooved 0000 2: 

9.16  Eccentric-grooved 50000 25 0.80 0.5 1 ; 10 250 intercrystalline cracking, but the results 
9.6 Eccentric-grooved 60000 25 0.80 1 sal i 

9.22  Eecentric-grooved 40000 25 3.20 1 102 |. 250 did not indicate any beneficial influence. 
61.37 Eccentric-groov 40000 25 3.20 10 = 250 These tannins belong to the depside or 
61.185 Concentric-ground 60000 40 0.25 0.15 1 105 Ly 150 ll ¥ " 
63.54 Concentric-ground 60000 40 025 O15 3 ae 10 150 gallotannin class. 


Nore: All loads applied at test temperature. 


by lignin sulphonate existed even when the specimen was stressed 
at 250 C. 

Two tests each were tried with magnesium lignin sulphonate" 
and calcium lignin sulphonate.'! The magnesium compound was 
not quite as effective as lignin sulphonate and, while the calcium 
compound prevented failure, it does not seem desirable for boiler 
use. 

The first series of results in Table 13 shows that lignin sulphonate 
even in concentrations of 5 g per 100 g of water offered little pro- 
tection to concentric-ground specimens at 150 C. In the last 
two tests, failure was prevented by heating this compound in the 
caustic solution at 250 C for 48 hr and then using it in the tension 
tests at 150 C. These results may indicate that autoclaving at 
the elevated temperature produces a decomposition product 
from the material that is the protective agent. Such autoclaving 
was unnecessary for the specimens in Table 12, since the operat- 
ing temperature for these tests was 250 C. 

Table 14 shows results at three temperatures with a concen- 
trated-sulphite waste liquor!’ that was not evaporated to dry solid 
but was left as a viscous liquid. Failure was prevented in all 
cases regardless of the temperature, silica concentration, or 
applied stress. This material is more satisfactory than lignin 
sulphonate, since autoclaving at elevated temperature is unneces- 
sary to prevent failure at 150 C. 

The last two tests in Table 14 indicate that the protective 
agent is concentrated in the portion of the sulphite liquor that 
precipitates in acid solution. Since this is largely lignin com- 
pounds, this material unquestionably plays an important part in 
the protection; however, the beneficial action at 150 C without 


13 Furnished by West Virginia Pulp and Paper Co. 


Table 15 shows a series of tests with 

Philippine cutch at three different tem- 

peratures. With 2 g per 100 g of water, protection was secured 
in all cases. 

Table 16 shows that quebracho will protect the eccentric- 
grooved specimens at 250 C with any load below 60,000 lb per sq 
in. Failure was stopped at 150 C, with 3 g of quebracho per 100 
g of water. 

The results with quebracho and Philippine cutch indicate that 
these compounds may offer a second series that is comparable to 
the lignin compounds in stopping attack. Both quebracho and 
cutch belong to the phlobatannin class. 

U-bend tests have been made in solutions boiling at atmos- 
pheric pressure containing 50 g of sodium hydroxide and 0.2 g of 
lead oxide per 100 g of water, with lignin sulphonate, concentrated- 
sulphite liquor, Philippine cutch and quebracho. In concentra- 
tions from 1 to 3 g per 100 g of water, the first two compounds 
completely stopped cracking. The last two at 3 g per 100 g of 
water would not stop cracking, indicating some superiority for 
the lignin sulphonate and the sulphite liquor. It is possible that the 
cutch and quebracho need a temperature higher than the atmos- 
pheric boiling point to develop their full beneficial action. 


CONCLUSIONS 


The results of the tests to prevent failure with sodium sulphate, 
sodium phosphate and certain organic compounds will be sum- 
marized, and an attempt made to show how these materials 
influence intercrystalline cracking in operating boilers. 

1 A high concentration of sodium sulphate will prevent failure 
of boiler steel in the tension tests in sodium hydroxide-sodium 
silicate solutions if two conditions are satisfied: (a) the stress 


14 Private communication. 
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in the metal does not vary materially while it is in contact 
with the solution at elevated temperature, and (b) the sodium- 
hydroxide concentration does not greatly exceed 25 g per 100 g 
of water. No difference was found between the action of a sat- 
urated solution of sodium sulphate and one also containing loose 
crystals of solid. 

Sodium sulphate dissolved, or present in excess as loose crystals 
did not prevent failure between 150 and 250 C if either condition 
(a) or (b) was violated. 

2 Attempts to prevent cracking by filling a capillary space 
with solid sodium sulphate to exclude thesolution were not success- 
ful. Without further substantiating evidence, this single series 
of tests cannot be interpreted to mean that it is impossible to 
plug a boiler seam with sodium sulphate. Further tests will be 
run under experimental conditions that more nearly duplicate 
a riveted joint. 

3 A saturated solution of sodium sulphate will prevent failure 
of U-bend specimens in sodium-hydroxide solutions containing 
sodium chromate, but not in those containing lead oxide. Ap- 
parently, the inhibiting action of the sulphate is sufficient to stop 
the sodium hydroxide-sodium chromate attack but will not stop 
the more severe and more powerful action of the solution con- 
taining lead oxide. 

4 Sodium phosphate will not prevent failure in the tension 
tests unless the sodium silicate-sodium hydroxide ratio is well 
below that encountered in most feedwaters, and even then the 
stress in the steel must be entirely uniform at elevated tem- 
perature. Sodium phosphate will not stop cracking in the U- 
bend tests with sodium hydroxide-lead oxide solutions. 

5 No inorganic salts with the exception of oxidizing agents 
have been found to prevent failure under conditions of changing 
stress at elevated temperature and with sodium hydroxide 
solutions containing appreciable amounts of sodium silicate. 

6 Chestnut extract, oak extract, and tannic acid designated 
as U.S.P. did not prevent failure of the tension specimens when 
the stress was applied at elevated temperature. 

7 Lignin sulphonate, concentrated sulphite waste liquors, 
Philippine cutch and quebracho did prevent cracking even when a 
very high stress was applied at elevated temperature. Protec- 
tion was not destroyed by high sodium silicate or high sodium 
hydroxide concentrations. The sulphite liquor was found to be 
suitable at all temperatures up to 250 C, but in the case of the 
other compounds it was found that definite temperature ranges 
had to be observed. It also was found that for each compound 
specific concentrations were required for maximum effectiveness. 
In the U-bend tests, lignin sulphonate and concentrated sulphite 

waste liquor were found to be superior to Philippine cutch and 
quebracho. 

The cracking of steel in an intercrystalline manner seems to 
depend on the combined action of a number of factors and the rate 
of attack may be varied from one going through a thick section of 
steel in hours, to one requiring days or weeks to produce visible 
cracking, and finally, to one causing no intercrystalline attack at 
all.$ 

Similarly, it would be expected that various inhibiting chemi- 
cals would have degrees of effectiveness depending both on their 


JANUARY, 1938 


own action and on the factors that produce cracking. The 
agents mentioned in this paper can be given a tentative protec- 
tive rating depending on their influence in the presence of rela- 
tively high silica, temperature of stress application, temperature 
range in which they must be used, and their action in sodium 
hydroxide-lead oxide solutions. The position of sodium sulphate 
and other inorganic salts in this list is determined by their action 
in solution rather than any possible mechanical plugging they 
may cause. From least effective to most effective the list would 
be as follows: (1) Sodium carbonate, (2) sodium phosphate, 
(3) sodium sulphate, (4) quebracho and Philippine cutch, (5) 
lignin sulphonate, and (6) concentrated sulphite waste liquor. 

The experimental work now shows that if the combined factors 
produce severe and rapid cracking, a substance well down in the 
list of protective agents must be selected to stop the attack. 
In boiler operation, sodium sulphate could be satisfactory in some 
instances and not in others, and the controversy about the action 
of this salt probably arises from lack of information regarding 
the conditions that actually caused cracking. 

The ultimate aim in protection from intergranular attack would 
be attained when the correct chemical treatment could be pre- 
scribed from the analysis of the boiler water, consideration of the 
steel composition, and boiler construction. At the present time, 
such complete and accurate treatment seems impossible; how- 
ever, it would be desirable in practice to be able to predict whether 
or not sodium sulphate will protect the steel. The action of the 
boiler water in the presence of sodium sulphate can now be at least 
partially predicted, but the analysis of the mechanical factors 
resulting from boiler construction and operation may be more 
difficult. For example, in locomotive operation, the use of sodium 
sulphate as a protective agent has been reported as unsatisfactory. 
It seems reasonable to conclude in this case that variation in 
stress at elevated temperature may be largely responsible for 
poor protection, and the use of chemical treatment that offers 
better inhibiting action may be demanded. 

The action of the protective compounds has been discussed in 
this paper almost entirely from the laboratory viewpoint, and 
with regard only to their effect on intercrystalline cracking. The 
possible decomposition, especially of the organic compounds, the 
formation of scale, possible acceleration of corrosion, and their 
effect on foaming or priming have not been investigated. 

The relation of their action to intercrystalline cracking in 
operating boilers is also dependent on certain assumptions that 
are clearly stated in the first part of this paper. 

In order to close the gap between laboratory results and actual 
operation, a series of tests is now being carried out with small 
riveted boilers and some of the protective compounds are being 
tested in large-scale operation. Until this work is completed no 
further attempt should be made toward the direct application of 
the results. 
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Fatigue MacuHINE Usep To DETERMINE ENDURANCE LIMITS OF SPRINGS 


Relation of Wahl Correction Factor to 
Fatigue Tests on Helical Compression Springs 


By F. P. ZIMMERLI,! DETROIT, MICH. 


This paper presents the results obtained in an effort to 
test Wahl’s correction factor for spring stresses. Fatigue 
tests were run on springs of various indexes which were 
coiled from the same bundle of wire and blued at the same 
time to insure uniform treatment. As the results were 
not uniform, four series of tests were made, with addi- 
tional tests to demonstrate the inertia effect of the walking 
beam of the testing machine and the influence of speed 


correction factor to be applied in the calculation for stress in 
the case of springs having indexes of less than 15 or 16. When 
the index or ratio of mean diameter to wire diameter is less than 
about 7, the factor becomes of practical importance. The fol- 
lowing report is the record of an attempt made to test Wahl’s 
factor by running fatigue tests on springs of varying indexes 


I<: 1929 A. M. Wahl of Pittsburgh derived and published? a 


1 Chief Engineer, Barnes-Gibson-Raymond Division of Associated 
Spring Corporation, Detroit, Mich. Mem. A.S.M.E. Mr. Zimmerli 
was graduated from the University of Michigan in 1917 with the 
degree of B.S. in engineering, was an instructor in the department of 
chemical engineering for three years, and received an M.S. in engineer- 
ing in 1920. He was chief metallurgist in the engineering department 
of the Solvay Process Company and research metallurgist with Dodge 
Bros., both of Detroit, for one year each. From 1922 to 1926, Mr. 
Zimmerli was metallurgist and engineer at the Rickenbacker Motor 
Company. He has been associated with his present company since 
1926, being chief engineer of the Barnes-Raymond-Gibson Company 
until it became a division of the Associated Spring Corporation in 
1936. 

2 “Stresses in Heavy Closely Coiled Helical Springs,”” by A. M. 
Wahl, Trans A.S.M.E., vol. 51, part 1, 1929, paper APM-51-17. 


‘and stroke. 
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With high spring loads the inertia effects of 
the beam during the down stroke were neutralized by the 
spring pressure. Stress ranges for the various indexes as 
obtained in the tests were corrected for (a) spring rate, 
(6) stroke, and (c) motor speed and the corrected values 
plotted. From this chart, the conclusion is drawn that 
the Wahl factor overcorrects the stress values for low in- 
dexes. 


which were coiled from the same bundle of wire. 
calculations the Wahl factor was used throughout. 

A bundle of 0.148-in. pretempered Swedish valve-spring wire 
was selected which showed no scratches or other surface imper- 
fections on etching and which conformed to the ordinary specifi- 
cations for such wire. Springs of indexes 3.96, 5.0, 7.2, 10.0, and 
11.75 were coiled and all springs were blued at the same time, in- 
suring uniform treatment. The number of coils for each index 
was so adjusted as to give a not too great divergence of spring 
rate, thus insuring approximately the same degree of accuracy 
in “weighing.” 

Contributed by the A.S.M.E. Special Research Committee on Me- 
chanical Springs and presented at the Annual Meeting, New York, 


N. Y., November 30 to December 4, 1936, of Taz AMERICAN SoctnTry 
or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1938. Discussion received after the closing date will 
be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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TABLE 1 RESULTS OF FIRST SERIES OF ENDURANCE TESTS 


Index Range, |b per sq in. Active coils 
3.96 20,500—79,000 9 
5.00 20°500-73,000 10 
7.20 20,000—72,000 6 

20,000—57 ,000 3 


TABLE 2 RESULTS OF SECOND SET OF ENDURANCE TESTS 


Index Range, lb per sq in. Active coils 
3.85 20,000—95,000 9 
4.90 20,000—80,000 10 
7.40 20,000—85,000 6 
9.75 20,000—70,000 3 

11.90 20,000-—85,000 21/4 


TABLE 3 RESULTS OF THIRD SET OF ENDURANCE TESTS 


Index Range, lb per sq in. Active coils 
5.00 20,000—85,000 
7.45 20,000—85,000 53/4 
7.45 20,000—80,000 6 
9.45 20,000—75,000 23/4 
9.45 20,000—70,000 3 

12.0 20,000—75,000 21% 


TABLE 4 RESULTS OF FOURTH SET OF ENDURANCE TESTS 


Index Range, |b per sq in. Active coils 
3.50 20,000—100,000 33/4 
4.55 20,000—90,000 
7.00 20,000-—90,000 51/2+ 
9.10 20,000—85,000 31/4 

11.90 20;000-90;000 13/4 


TABLE 5 RESULTS OF TESTS TO DETERMINE TRAVEL OF UP- 
RIGHT RODS IN FATIGUE MACHINE 


Test 1 2 3 4 5 
Index 3.5 7.0 7.0 70. 
Top load on springs, lb 186 100 100 100 64!/2 
Stroke, in. 10 18/16 13 85/s 15 
Travel, in. 
At rest 0.427 0.755 0.552 0.355 0.610 
Motor running at 1100 rpm 0.437 0.771 0.552 0.360 0.625 
Motor running at 2100 rpm 0.442 0.792 0.583 0.375 0.657 
Increase at 2100 rpm 0.015 0.037 0.031 0.020 0.047 
Increase with loads None None Slight 


TABLE 6 RESULTS OF ADDITIONAL FATIGUE RUNS 


Active Stroke, Motor speed, 
Index Range, lb per sq in. coils in. rpm 
3.50 20,000—100,000 33/4 1 1750 
4.55 20,000—94,000 41/4 1750 
7.00 20,000—90,000 181/2 2100 
9.10 20,000—85,000 31/4 2100 
9.10 20,000—90,000 31/4 16 100 
11.90 20,000—90,000 13/4 15 2100 
11.90 20,000-—90,000 13/4 15 1100 


TABLE 7 UNCORRECTED AND CORRECTED STRESS RANGES 
FOR SPRINGS OF VARIOUS INDEXES 


Stress range, lb per 
orrec 


Index Uncorrected 
3.50 20,000—100,000 14,000—100,000 
4.55 20,000—94,000 19,000—94,000 
20,000—90,000 19,000—93,000 
9.10 20,000—90,000 19, ‘000-90, ‘000 
11.90 20,000-90,000 19,000-91 ‘000 


The endurance limit for the springs of index 7.2 was determined 
first. Results for this and for the other indexes are given in Table 
1. Owing to the nonuniformity of the results, springs of index 11.75 
were not run. No reason was apparent for the wide divergence 
of endurance limit found for index 10; the wire appeared normal, 
and each broken spring showed no surface defects on etching. 

A second attempt was made using another bundle of wire, and, 
while the endurance limits (see Table 2) were widely different 
from those of the first case, they still did not show any reasonable 
degree of uniformity. 

At this point the fact was recognized that possibly slight ec- 
centric loading on the fatigue machine (Fig. 1) had influenced the 
results. Therefore, in the third attempt two lots of springs of 
indexes 71/, and 91/2 were coiled, one having a whole number of 
active coils, and the other a whole number minus a quarter. 
The results of the endurance tests are as shown in Table 3. 
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Fig. 2. Correcrep VALUES OF STRESS RANGES FOR SpriInas Hav- 
ING VARIOUS INDEXES 


Springs with the three-quarter coil ending are seen in each case 
to have a higher endurance limit than the others. 

Consequently, a fourth attempt was decided upon and the low- 
index springs, disregarding great accuracy in weighing, were 
designed so that eccentric loading would be diminished as much as 
possible. As a further precaution, the upright rods on the fatigue 
machine which engage the springs were continued above the 
springs and each was made to run in a sleeve. The endurance 
limits and other data are given in Table 4. 

These results, while showing some degree of uniformity, clearly 
indicate that the springs of low index have a higher endurance 
limit than those of high index. 

At this point the suggestion was made that possibly the walking 
beam on the fatigue machine yielded slightly at the upper and 
lower ends of the stroke, due to inertia effects. To investigate 
this possibility a neon lamp was synchronized with the drive 
shaft of the motor and the travel of the upright rods was meas- 
ured statically and with the motor running at half and full speeds. 
The influence of the “stroke,” distance from fixed end of walking 
beam to upright rod, was also determined. The results are 
given in Table 5. 

To verify these results, additional fatigue runs were made on 
springs of index 9.1 and 11.9 to give a comparison at 1100 and 
2100 rpm. 

The influence of speed and stroke are clearly demonstrated by 
the complete results which are presented in Table 6. It re- 
mained therefore to correct these results and put them on a 
common basis. 

With high spring loads the spring pressure was found to neu- 
tralize the inertia effect of the beam during the downward motion. 
Hence, in springs of low index the beam is assumed to bend only 
at the upper end of the stroke, thus diminishing the first load. 
Taking (a) spring rate, (b) stroke, and (c) motor speed into ac- 
count, the stress increase was calculated for each test run. 
Uncorrected and corrected stress ranges for the various indexes 
are given in Table 7, the distribution of increments being made in 
accordance with the previous assumptions. 

The corrected values given in Table 7 have been plotted in Fig. 
2. It would appear that the formula overcorrects the stress 
values for low indexes. 
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Experiments in the Planing of Hardwoods 


By E. M. DAVIS,! 


This paper describes recent experiments in the planing 
of hardwoods at the Forest Products Laboratory of the 
Forest Service, U. S. Department of Agriculture, which is 
maintained at Madison, Wis., in cooperation with the 
University of Wisconsin. The objects of the experiments 
were (1) to develop a technique for a standard planing 
test, (2) to determine how the woods studied compare in 
their planing qualities, and (3) to discover the conditions 
under which the woods can be planed most satisfactorily. 
Tests made to date cover only a small part of the whole 
field, and should be considered exploratory rather than 
final and complete. 


UALITY OF work in planing is affected by such variables 
as feed, speed, cutting angle, clearance angle and amount of 
joint of the knives, kind of wood and its moisture content, 

and depth of cut in addition to various machine adjustments. 
These factors can be combined in thousands of ways, and to work 
out all the interrelationships would involve a lifetime of work at 
a conservative estimate and a trainload of lumber. 

This paper describes recent experiments at the Forest Products 
Laboratory in the planing of hardwoods.? The object was three- 
fold: (1) To develop a technique for a standard planing test; (2) 
to determine how the woods studied compare in their planing 
qualities; and (3) to discover the conditions under which the 
woods can be planed most satisfactorily. A good start has been 
made, but needless to say the object is by no means fully attained. 
Tests made to date cover only a small part of the whole field, and 
should be considered exploratory rather than final and complete. 
This paper is strictly limited to tests made under the conditions 
shown in Table 1, using a modern 30-inch cabinet planer. 

Before commencing the actual tests in series 1, the carefully 
selected test samples were kiln dried, conditioned to a 6 per cent 
moisture content, and sized to */, X 4 X 30 in. long. In the first 
run a cut !/;.in. deep was made with a feed of 36 fpm and a speed 
of 3600 rpm. In the-second run a similar cut was made from the 
other side of the same test pieces at a feed of 54 fpm and a speed 
of 5400 rpm. The same feed and speed combinations and depth 
of cut were used throughout the tests. After planing at 6 per 


1 Senior Wood Technologist, Section of Industrial Investigations, 
U. S. Forest Products Laboratory. Mr. Davis was graduated from 
Iowa State College in 1918 with a degree in forestry, and received his 
M.F. degree in 1925. Following his graduation, he served with the 20th 
Engineers in France. For three years he was engaged in the inspec- 
tion, storage, and preservative treatment of timber products in eastern 
and southern districts of the United States. Since 1922, he has been 
at the Forest Products Laboratory working on the manufacture, 
standardization, defects, and uses of lumber. At present, Mr. Davis 
has charge of studies on machining qualities of lumber. 

2 Hardwoods as used here is a broad term that refers to wood from 
broad-leaved trees, such as oak, ash, and cottonwood, as distin- 
guished from the needle-leaved trees like pine, spruce, and fir. It does 
not refer to the actual hardness of the wood itself as determined by 
mechanical tests. 

Presented at the Meeting of Wood Industries Division of THE 
AMERICAN Society OF MECHANICAL ENGINEERS, held at Grand 
Rapids, Mich., October 8-9, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E.,29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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cent moisture content, the samples were graded as will be de- 
scribed in detail later. The same samples were planed and 
graded a second time after conditioning to 12 per cent moisture 
content, and a third time after conditioning to 20 per cent, thus 
making a total of six runs on each sample. This test material 
was then reduced to ?/,; in. thickness, and no further planing tests 
were made with it. All runs in series 1 were made with a 30-deg 
cutting angle. 

New test material was used in series 2 although it consisted 
largely of the same kinds of wood as before. In series 2, wood 
with only 6 per cent moisture content was used, but three new 
cutting angles of 25, 20, and 15 deg were introduced. The same 
cutter head was used for both series of runs, the change in cutting 
angle being produced by back-beveling the knives. Speed and 
feed combinations and depth of cut were, of course, the same as 
in series 1. 


TABLE 1 CORDES WHICH PLANING TESTS 


E MADE 
Cutting Moisture Rate of 
; angle, content, feed, Speed, 
Series deg per cent fpm rpm 
30 6 36 3600 
30 6 54 5400 
1 30 12 36 3600 
30 12 54 5400 
30 20 36 3600 
30 20 54 5400 
25 6 36 3600 
2 25 6 54 5400 
20 6 36 3600 
20 6 54 5400 
15 6 36 3600 
15 6 54 5400 


Several precautions were taken to insure uniformity of working 
conditions. Depth of cut was kept uniform at !/is in., and the 
clearance angle of the knives was kept uniform at 40 deg. The 
test pieces were always put through the planer in the same direc- 
tion with reference to the grain, the bottom rolls were kept at 
a uniform projection of 0.006 in. above the platen, and the pro- 
jection of the knives beyond the gibs was kept uniform at 5/3 in. 
in the first series and '/, in. in the second. The knives were 
freshly ground and jointed at the start of each run, and before 
starting each run minor adjustments were made until preliminary 
tests showed good results. Most of the tests were made under 
the direct supervision of an engineer with many years’ experience 
as planer specialist with a large manufacturer. 

Theoretically all variables, except one, should be eliminated in 
the tests, but practically it could not quite be done. The samples, 
for example, were '/,5 in. thinner after each successive run al- 
though this is outweighed in importance by the desirability of 
making a series of runs on identical pieces. Again, for all practical 
purposes, the knives may be considered of uniform sharpness at 
the outset of each run, but they necessarily dulled somewhat as 
the run progressed. Dulling resulting from running 3000 to 
3500 linear ft of mixed hardwood strips 4 in. wide on a 30-in. 
planer would be considered negligible in commercial practice, 
but nevertheless some dulling occurs. The woods were run 


through the planer in a mixture to avoid planing all pieces of one 
wood with freshly sharpened knives and all pieces of another at 
the end of the run. 

The woods used as the basis of the tests, together with the 
amounts, for both series 1 and series 2, are shown in Table 2. 
Most 


Each series includes a few woods not found in the other. 
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TABLE 2 WOODS USED IN PLANING TESTS 
Series 1 Series 2 
30-deg cutting angle 15-, 20-, 25-deg 
and moisture con- cutting angles and a 

tents of 6, 12, and moisture content of Total 
Wood 20 per cent, pieces 6 per cent, pieces pieces 
100 50 150 
Basswood. . Res 50 50 100 
Birch, sweet. 50 we 50 
Birch, yellow S 50 50 
Chestnut.... 50 50 100 
Cottonwood. 50 28 78 
Gum, black and tupelo 100 42 142 
ES 100 50 150 
Hackberry. 30 50 80 
Hickory..... 50 50 
Magnolia... 50 50 100 
Mahogany... .... 50 50 
Maple, hard. 50 73 123 
Maple, soft... 100 50 150 
Oak, chestnut... 45 45 
ak, TeG..... 100 100 200 
Oak, white... 150 100 250 
Pecan........ 43 50 93 
Poplar, yellow 100 50 150 
Sycamore.... 50 38 88 
Walnut... 88 88 
Willow... 40 50 90 
Total 1418 1154 2572 


3 


Fig. 1 Tor: Ratsep Grain. Borrom: Fuzzy Grain 
of the tables, however, are confined to the 17 woods that are com- 
mon to both series. 

The size of the sample, as a rule, was 50 pieces of each wood for 
each series of runs. Where any wood was collected in two differ- 
ent regions, the sample generally consisted of 50 pieces from each 
region. Red oak, for instance, was collected both in the Ap- 
palachian region and in the Gulf States. 


PLANING DEFECTS 


The quality of planing depends on certain defects that may 
develop in the process. There are four main types of planing 
defect, more than one of which may be found in one test piece. 

Raised grain, illustrated by elm in Fig. 1 (top), is defined in 
American Lumber Standards as “A roughened condition of the 
surface of dressed lumber in which the hard summerwood is 
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Borrom: Cutie Marks 
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raised above the softer springwood but not torn loose from it.”’ 
It is found in flat-grained rather than in edge-grained pieces, and 
in cross-grained rather than in straight-grained pieces. Elm, 
hackberry, cottonwood, and willow are the woods showing this 
defect most frequently. In general it is one of the less common 
planing defects. 

Fuzzy grain, which has not been defined in American Lumber 
Standards, is illustrated by cottonwood in Fig. 1 (bottom). There 
is often some tearing out of particles below the line of cut, but 
the most noticeable feature is that particles are not cut off cleanly 
but project above the line of cut. Fuzzy grain tends to be more 
common and more pronounced in edge-grained than in flat- 
grained pieces. This defect is most commonly found in sycamore, 
cottonwood, basswood, andelm. Fuzzy grain is one of the more 
common planing defects although it is seldom found in such an 
extreme degree as that illustrated here. 

Chipped grain shown in Fig. 2 (top), means, according to 
American Lumber Standards, that “a part of the surface is 
chipped or broken out in very short particles below the line of 
cut.” Torn grain is similar in character but more extreme in de- 
gree. Whenever the grain runs at a pronounced angle to the sur- 
face and the planer knives revolve against the grain, chipping is 
likely to result. To some extent it can be guarded against by 
feeding the boards through the planer so that the knives revolve 
with the grain. But this practice has its limitations because the 
angle of grain often reverses on account of crook, knots, burls, 
and interlocked grain. Ordinarily this is the least common of the 
planing defects although it may become the most serious one if the 
stock is of a knotty, curly, or bird’s-eye type. 

Chip marks, shown in Fig. 2 (bottom), are not defined in 
American Lumber Standards. They are caused by chips that 
cling to the edges of the knives and are carried around and pounded 
into the wood on the next revolution. They are dents in the sur- 
face and not bits gouged out. In chip-marked lumber the direc- 
tion of feed can often be determined about as accurately as where 
chipped grain is found. The side of the chip mark where the chip 
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first strikes the board shown to the right in Fig. 2 (bottom), 
tends to be noticeably more gradual than the emerging side where 
the tendency is for the chip mark to be more square and abrupt. 
The occurrence of chip marks varies, of course, in different woods, 
but on the average they are the most commor machining defect. 

Knife marks of some description are inevitably present in 
planed lumber, whereas one or more of the defects previously de- 
scribed may or may not occur. Consequently knife marks fall 
in a slightly different category, and unless they are definitely 
bad because of improper adjustment would not be considered a 
defect. In this study special care was taken to grind, joint, and 
adjust so as to get first class knife marks at the outset of each 
run. For these reasons knife marks are discussed briefly in pass- 
ing, but are not considered a defect in this study. 

Viewed in diffuse light a sample of average planing appears 
smooth, but if the light is directed at a very oblique angle to the 
surface, knife marks usually appear as parallel lines at right 
angles to the direction of feed. Stain or varnish only serve to 
accentuate the knife marks in the finished product. Ideally, 
each knife does its exact share and leaves its mark equally spaced 
from the others and parallel to them. If, as sometimes happens, 
one knife projects farther beyond the gib than the others, one 
or more knife marks may be obliterated by this projecting blade 
which makes its own distinctive mark once in each revolution. 
This is a revolution mark. Uniform knife marks and absence of 
revolution marks are desirable because less sanding is required to 
give a satisfactory finish. 

Differences in the structure of the different woods have a de- 
cided influence on planing defects. It explains to a large degree 
why elm develops considerable raised grain while pecan planed 
under identical conditions has very little. Hard maple can be 
planed so that the surface has a sheen amounting almost to an 
actual polish, but sycamore differs so in structure that the sur- 
face is typically dull with a minute general roughness. Wood 
structure is a large subject and outside the scope of this paper, 
yet must be kept in mind as the reason for some of the puzzling 
problems and inconsistencies that arise. 

All tables in this report, beginning with Table 3, are based on 
the percentage of pieces in which defects occurred. This shows 
not only how frequently a given defect is found but also gives an 
indication of its size or degree, for the one of two woods that has 
more numerous defects will also have larger ones on the average. 
The figures in the tables are based on all the runs described 
in Table 1 that apply to the particular subject under con- 
sideration. 

The method of grading orginally followed went into some detail, 
each piece being examined for each defect. A sample entirely free 
from chip marks, for instance, received a grade of 5, one that was 
very slightly chip marked was graded 4, and so on down to a piece 
so bad as to be a reject, which would be given a grade of 0. The 
other defects were, of course, graded similarly. There may well 
be some question as to whether chip marks in a given piece should 
grade 3or4. There can be no question regarding the presence or 
the total absence of chip marks in the piece. And with very few 
exceptions any given defect is absent in a great majority of the 
pieces. Because of the detail involved and because this grading 
unavoidably involves the grader’s personal judgment all grades 
are combined in this report. The distinction made here (in the 
absence of any positive method of measuring defectiveness) is 
between the defect-free majority and the smaller proportion of 
pieces in which defects of some degree are found. 

Table 3 shows that on the average chipped grain is the least 
common planing defect followed in order by raised grain, fuzzy 
grain, and chip marks. The average merely indicates the general 
trend, and the exceptions among individual woods are numerous. 
In every wood, however, fuzzy grain and chip marks are the 
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PLANING OF HARDWOODS 


TABLE 3 OCCURRENCE OF PLANING DEFECTS 


ieces, per cent 
Chipped Rais i 
Wood grain grain grain mar 

Ash.. 12 9 6 
Basswood............. 8 17 40 
Chestnut. . 2 8 
Cottonwood........... 14 26 48 
Elm, southern......... 12 37 34 
Gum, black and pimeie 13 6 23 
Gum, red.. 10 9 27 
Hackberry... + 23 22 
8 7 7 
Maple, hard... 15 4 11 
Maple, soft. . 14 11 15 
4 10 11 
Pecan... 15 3 12 
Poplar, yellow......... 5 9 27 
14 8 66 
10 12 24 


TABLE 4 variaineads” OF FEED AND SPEED ON QUALITY OF 
LANING—BY SPECIES 


———— Defective pieces, per cent—————. 
At 36 fpm feed and At 54 fpm feed and 
Wood 3600 rpm speed 5400 rpm speed 

48 36 
43 57 
53 35 
Cottonwood............ 83 77 
Elm, southern.......... 83 74 
Gum, and 63 55 
Gun, re 59 51 
Hackberry. . 61 54 
Magnolia. . 50 28 
Maple, hard... 76 57 
Maple, soft 81 63 
Poplar, yellow.......... 50 46 
84 78 
60 51 


TABLE 5 AND ON QUALITY OF 
NING—BY DEFECT 


Defective pieces, per cent—————. 
At 36 fpm feed and At 54 fpm feed and 


Defect 3600 rpm speed 5400 rpm speed 
Chipped grain.......... 10 9 
Raised grain............ 11 14 
21 27 
60 51 


most common defects, and in both of these defects the spread be- 
tween the best and poorest wood is relatively wide. 

Cottonwood makes a poorer showing than the average as re- 
gards each of the four defects listed. Red oak, on the other 
hand, is better than average in every instance. 


EFrrect OF FEED AND SPEED ON QUALITY OF PLANING 


Taking all planing defects into account (see Table 4) the com- 
bination of a feed of 54 fpm and a speed of 5400 rpm gave 
consistently better results than the slower feed and speed of 36 
fpm and 3600 rpm, respectively. In only one wood, basswood, 
did this fail to hold true although in the oaks there was little or 
no difference. 

In carrying this analysis a step further it is seen from Table 5 
that the feed and speed factor has a different effect on different 
planing defects. On chipped grain and raised grain the effect is 
small. The slower feed and speed give appreciably better results 
with fuzzy grain, while the faster feed and speed are much better 
as far as chip marks are concerned. Taking all defects into 
account the results are noticeably better at a feed of 54 fpm and 
a speed of 5400 rpm as previously stated. 


Errect oF Currina ANGLES ON PLANING 


About the only possible general conclusion to be drawn from 
Table 6, which gives the effect of cutting angles by species, is that 
for the 17 woods as a group the results become progressively 
poorer as the cutting angle is increased. Chestnut, red gum, 
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and the oaks show uninterrupted trends in that direction and 
several others show general trends. The 17 woods are by no 
means unanimous, however. Sycamore and the gums are rela- 
tively little affected by cutting angles. Several woods have one 
of the intermediate angles as their best point rather than one of 
the extreme angles. These differences can no doubt be explained 
in part at least by differences in the structure of the different 
woods. 


TABLE 6 EFFECT OF CUTTING ANGLES ON PLANING—BY 
SPECIES 


Defective pieces, per cent, at the following cutting 


angles 
Wood 15 deg 20 deg 25 deg 30 deg 

28 27 21 47 
ee 42 35 32 35 
19 24 35 66 
Cottonwood... ........ 7 73 88 71 
Elm, southern......... 52 67 81 82 
Gum, black and tupelo. 53 47 57 63 
46 49 51 56 
Hackberry.... 25 7 46 80 
22 44 38 39 
Maple, hard........... 44 44 49 83 
eee 43 67 66 82 
5 8 13 35 
SS re 24 8 5 43 
Poplar, yellow......... 25 33 33 52 
74 77 82 82 
50 41 54 90 
eee 37 39 46 63 


TABLE 7 EFFECT OF CUTTING ANGLES ON PLANING—BY 
DEFECTS 


Defective pieces, per cent, at the following cutting 
angles 


Defect 15 deg 20 deg 25 deg 30 deg : 
Chipped grain....... 1 4 4 10 
Raised grain. . 3 3 7 10 
Fuzzy grain os 7 1l 17 19 
Chip marks. . = 19 24 26 41 
37 39 46 63 


The effect of cutting angles on the different planing defects is 
shown in Table 7. The 20-deg cutting angle is best as far as 
fuzzy grain is concerned. With this exception, 15 deg gives the 
best results, each succeeding angle being either the same or poorer 
than the preceding one for chipped grain, raised grain, and chip 
marks. 


Errect oF MoIstuRE CONTENT ON PLANING 


Lumber dried to 6 per cent moisture content gave the best 
results, 12 per cent lumber was intermediate, and 20 per cent 
lumber was poorest, as shown by Table 8. Such diverse woods as 
willow and chestnut were exceptions to this general rule. Certain 
woods like the maples were not greatly affected by the moisture 
variations; others, for example, basswood and yellow poplar, 
showed wide variation in results between 6 per cent and 20 per 
cent material. 

The effect of moisture content on the individual defects is 
shown in Table 9. With chipped grain and raised grain the 6 per 
cent and 12 per cent test samples gave about the same results, 
but the 20 per cent material was much poorer in each instance. 
Fuzzy grain becomes progressively worse as moisture content in- 
creases. Chip marks, on the other hand, are much less common 
at 20 per cent than at lower moisture contents. Taking all defects 
into account 6 per cent gives the best results, 12 per cent next, 
and 20 per cent the poorest. 


PLANING QUALITIES OF HARDWOODS 


Table 10 illustrates one method of comparing planing qualities 
of the woods studied, the woods being arranged in order from best 
to poorest. It is based on an average of all 12 runs. This means 
that woods that are exacting in their planing requirements are 
penalized more than woods that plane fairly well under a wider 
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range of conditions. There is some justification for this because 
it is not practical in the general woodworking shop to be con- 
tinually changing the setup every time a few thousand feet of a 
different wood is to be planed, and therefore woods that do not 
need to be treated “just so” to give good results deserve a better 
rating. 

It is problematical which of many possible methods of compari- 
son is the very best. Different methods naturally give somewhat 
different results. For instance, in a comparison based on optimum 


TABLE 8 EFFECT OF MOISTURE CONTENT ON PLANING—BY 
SPECIES 


Defective pieces, per cent, at the following 


moisture contents 
Defect 6 per cent 12 per cent 20 per cent 

47 61 65 
35 56 98 
Beech. . - 60 70 78 
eee 90 95 85 
66 71 48 
Cottonwood............ 71 86 86 
Elm, southern.......... 82 95 94 
Gun, black and tupelo... 64 60 70 
56 62 64 
80 93 93 
65 73 
83 88 85 
Oak, chestnut........ 36 48 57 
eee 35 46 52 
63 63 74 
44 72 79 
Poplar, yellow.......... 53 63 80 
64 76 


TABLE 9 EFFECT OF MOISTURE CONTENT ON PLANING—BY 
DEFECTS 


Defective pieces, per cent, at the following 
moisture contents 


Defect 6 per cent 12 per cent 20 per cent 
Chipped grain.......... 11 10 27 
Raised grain............ 9 10 36 
17 27 47 
41 47 18 
All Gofecta........cceees 64 71 7 


TABLE 10 PLANING QUALITIES OF HARDWOODS 


Wood ; Defective pieces, per cent 

Gum, black and tupelo......... 59 


conditions for each wood, the figures would be somewhat lower 
toward the top of the list and considerably lower toward the 
bottom. The spread between the top and bottom would be nar- 
rowed, and some changes in order would result. However, in 
several different methods of comparison that were tried experi- 
mentally, it was found that in spite of some changes in order, the 
composition of the high, medium, and low groups tended to re- 
main fairly constant. For lack of more comprehensive data and 
a truly scientific way of measuring results, this method is offered 
as a rough measure of planing qualities under a fairly wide range 
of conditions. 


Future PLanina TEstTs 


The factors of depth of cut, amount of heel on the knives, and 
clearance angles have not been touched in studies made at the 
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Forest Products Laboratory; neither has the rate of dulling of 
knives with different alloys and different woods. The work 
actually done on the influence of cutting angles, moisture content, 
and feed-and-speed combinations is by no means exhaustive. 
This paper, then, is simply a contribution toward the solution of 
a large problem. The final solution of this problem of better 
planing will probably require certain mechanical devices that are 
not now available. For instance, some mechanical method of 
measuring smoothness of surface is desirable so as to eliminate 
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PLANING OF HARDWOODS 


personal judgment completely. A method of measuring sharpness 
of knives is also desirable, and if possible some method should be 
devised for photographing what actually goes on inside the planer 
during its operation. Some specification to insure that any sample 
tested is representative and adequate in number of pieces is also 
desirable. Once these advances are made it is to be expected that 
most of the difficulties and inconsistencies that crop up in the 
somewhat crude ntethods used today in measuring results will 
disappear and the guesswork will be taken out of planing. 


2 
q 
4 
x 


‘ 

| 

\ 

Pill 

AS. 

we 

i 

4 

i 

q 

* 

i 

Se 


| 


Fic. 1 


WDI-60-2 


HARDNESS-MEASURING INSTRUMENT 


Effects of Speed and Pressure on Cutting 
Rate of Coated Abrasive Products 


By E. T. HAGER,' NIAGARA FALLS, N. Y. 


The cutting rate of coated abrasive products, when used 
for sanding wood, is quite sensitive to changes in belt 
speed and work pressure. The results of such changes, 
specific to the conditions of these tests only, are presented 
in this paper. In addition, some general trends and 
limitations are indicated which it is believed are appli- 
cable outside of the specified conditions. 

The tests were made with 1/0-80 and 3/0-120 grit electro- 
coat (Aloxite) belts taken from regular stock material. 
A Porter-Cable Belt Sander, belt size 6 X 54'/: in., was 
used, the only change made in the machine being the 
substitution of a 5-hp variable-speed d-c motor. Most 
of the work was done on hard maple. A few tests were 
made on yellow birch. 


ConpDITIONS 


ONG-ESTABLISHED test technique and procedure were 
followed for these tests. Two kinds of tests have been in 
regular use. One has as its purpose the comparison of 

one belt with another under identical sanding conditions. The 
other compares the action of identical belts under different sand- 


' Research Department, Carborundum Company. Mr. Hager 
followed his studies at the University of Wisconsin and the Colorado 
School of Mines. He was engaged for nearly twenty years as mining 
engineer, in the examination and evaluation of mining properties, as 
mine manager and consulting engineer. He entered the abrasive 
field about eight years ago. 

Presented at the Meeting of the Wood Industries Division of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS, held at Grand 
Rapids, Mich., October 8-9, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


ing conditions. The accuracy of both depends, of course, upon the 
constancy of all factors except the one variable being evaluated. 


Materials. 


Source. The source of greatest error in sander-belt tests is 
unquestionably in the wood. A great many tests have estab- 
lished the fact that almost any degree of “‘sandability”’ will be 
found within wood of the same classification. Hard maple from 
the Adirondack region is used for all standard routine tests. 

Size. It is purchased in the air-dried condition as 4 X 6 X 30 
in. rough timber. Short lengths are demanded so that the proc- 
ess of eliminating all but clear, uniform-appearing material can 
be started at the source of supply. The 30-in. pieces are then cut 
to lengths of slightly over three fourths of an inch and assorted. 
Pieces showing heart wood, dry rot, or knots are discarded. At 
this point we have a supply of what we term “sections,” roughly 
4 X 6 X 3/, in. long, which are all of the same quality, as far as 
can be determined visually. 

Treatment. The next step in the process leads to the final 
selection of sections having identical sandability characteristics 
precisely measured. If the rough sections have been subjected to 
interplant transportation during cold weather, they are given 24 
hours, or more, to reach room temperature, and are then finished 
on a sander-belt machine to 3*/s X 5'/: X 3/,in. After finishing 
they are placed on edge, separately, in an electrically heated oven 
which has forced-air circulation and controlled exhaust. The 
temperature is maintained at 140 F. It has been found that the 
“sandability” of sections visually selected for uniformity can be 
entirely controlled by the time-temperature factor. Random 
sections are taken from the oven at regular intervals for hardness 
measurement. Those having reached the required hardness are 
removed. The soft sections are given further treatment. Those 
which are too hard after the initial 12-hour oven treatment are 
also removed and are utilized as prerun blocks. Proper place- 
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ment and occasional turning of the sections in the oven prevent 
all warpage. A continuous flow of material through the oven is 
maintained at a rate which allows only enough time for the sec- 
tions to be measured for hardness before they are used for the 
tests. In this way, any possible effect of room humidity upon 
the finished sections and blocks is obviated. 

Hardness. Hardness of the sections, as a direct measure of 
sandability characteristics within the variations that may still 
occur in this carefully selected and heat-treated material, is de- 
termined by a device constructed for that purpose which follows 
the principle of the Rockwell hardness tester. This is shown in 
Fig. 1. The hardness figure is the depth of penetration in ten- 
thousandths of an inch of a */3: X 5/s:-in. steel tool applied in the 
direction of the grain under a given pressure for a given time, 
subsequent to preloading at a lighter pressure for a shorter time. 
The sharp tool edges are slightly rounded to prevent any cutting 
action. Preloading is employed to overcome any possible surface 
conditions. The action is entirely automatic except the moving 
of the sliding weight from one position to the other. The time 
factor is governed by the action of a constant-speed motor- 
drivencam. This is essential since the tool will, if permitted, con- 
tinue to penetrate for different lengths of time with correspond- 
ingly varying results. 

The operation of the hardness-measuring instrument is as fol- 
lows: Referring to Fig. 1, the lever is hinged at the right end and 
is actuated by a motor-driven, two-motion cam at the left end. 
The tool is mounted in the lower end of the vertical member of 
the arch at the right. Pressure is applied on the upper end of 
this member by the lever. A dial gage graduated in !/10,000 in. is 
provided as shown to measure the movement of the vertical mem- 
ber. A section is shown in position under the tool supported by 
a plate provided with three leveling screws which permit paral- 
lelism between the section and tool face. Parallelism and support 
directly under the tool are further provided by a half-inch 
diameter half ball-and-socket joint in the leveling plate, which 
is covered in the photograph by the block. A cycle of the opera- 
tion is as follows: 


(1) Place the finished, heat-treated section on the ball-and- 
socket anvil. Bring the plate and section into position by means 
of the leveling screws so that the section is near or touching the 
tool at a point where the hardness of the section is to be meas- 
ured. 

(2) Orient the tool to direction normal to that of the annual 
rings. 

(3) With the sliding weight in the extreme right position, as 
shown, close the motor switch. 

(4) Read the dial when the indicator on the left vertical mem- 
ber shows that the first cam motion has been completed. This 
constitutes the preload and zero reading. 

(5) Move the weight to the left until it strikes the stop pin. 
The construction of the cam provides time for the dial reading 
and weight shifting. 

(6) Follow the dial movement and record the maximum read- 
ing. Penetration is then the difference between the two dial 
readings. 

(7) An automatic-cut-out switch stops the machine at the end 
of the cycle. Return the sliding weight to the original position. 


This complete cycle provides (a) an equal load, (b) an equal 
rate of application of that load, and (c) an equal time of applica- 
tion for all determinations. 

The selection and heat-treatment of sections, as given, have 
reduced the necessary number of hardness readings on each sec- 
tion from five to two. These are taken about 1 in. from two 
diagonally opposite corners. The corners are selected with re- 
spect to the annual rings in such a manner as to represent a cross 
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section of the section rather than two spots on the same, or nearly 
the same, rings. 

The average hardness figure for our hard maple is 0.0080 in. 
In evaluating the sandability of different hardnesses of the same 
wood, it was found that +0.0020 in. is permissible for tests of 
this kind. All sections, then, with hardness measurements be- 
tween 0.0060 and 0.0100 in. are used. 

Test Blocks. The accepted sections are now ready to be as- 
sembled into blocks for the sanding tests. Four sections are 
placed together to form a “composite test block.’’ When varia- 
tions in hardness occur in the two ends of a section, they are 
selected and positioned in such a way that the composite block is 
as near to uniformity in hardness, hence to sandability, through- 
out its entirety, as is practicable and necessary. The average 
hardness of the composite block is held to 0.0080 = 0.0005 in. The 
area of the composite block presented to the belt is 3/s in. across 
the belt and 3 in. longitudinally, or 10!/ssqin. It will be remem- 
bered that the sections are °/, in. long. When assembled in the 
composite block, four of them give a total length of 3 in. in the 
direction of belt travel. Sanding is consequently done parallel 
with the direction of the grain of the wood. 


Fic. 2. Trest-Biock HoLpER 


It is evident that no effort is spared to provide test material of 
uniform sandability. It has been our experience that too much 
care cannot be directed toward that end. Test results on ma- 
terial that is not uniform in its reaction to sanding are valueless. 
For continuity of tests, it is further necessary to maintain the 
same sandability characteristics from year to year, otherwise a 
costly repetition of tests will result. 

There is a further important detail in the application of the 
composite test block to the belt. The device used for this pur- 
pose is shown in Fig. 2. It consists of an outer holder, shown at 
the left, an inner holder, at the right, four arms hinged to the 
outer holder slide and slotted at the opposite end to receive the 
inner holder, and a vertically movable slide on the outer holder 
containing the arm fulcrums. Two inner holders are provided. 
The parallel arms keep the inner holder and block in a position 
normal to the plane of the belt. The composite block is clamped 
in the inner holder so that it protrudes about 3 in. It is lowered 
occasionally as it is ground off. The vertical slide is adjusted at 
all times so that the movable arms are approximately parallel to 
the plane of the belt. This is necessary to prevent either an up- 
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Fig. Errectr or 1/0-80 BELTS ON Harp Maple 


ward or downward component on the block. The arm fulcrums 


are made wide for rigidity and yet can move freely vertically. 
The desired pressure of the block on the belt is obtained by plac- 
ing weights in the container attached to the inner holder. Weight 
is added at the end of each sanding period to compensate for the 
wood removed in order to maintain a constant pressure. It is 
imperative for test accuracy that the block be held firmly but be 
free to move vertically with as little friction as possible. This 
method of application has been accepted as satisfactory after a 
long period of experimentation. 


Test PRocEDURE 


Prerun. All belts are subjected to a six-minute prerun before 
the sanding test begins. Composite blocks made up of discarded 
sections are used forthe prerun. The hardness of these blocks is 
outside the limits set for test requirements. The prerun blocks 
are usually somewhat harder than the test blocks. The purpose 
of the prerun is to remove high spots and loosely held grain. 
Most belts show a rapid and erratic decrease in cutting rate dur- 
ing this period and then settle down to a more uniform action. 

At the end of the prerun period the belt is blown clean and 
weighed. Composite test blocks are placed in the two inner 
holders and the holders and blocks weighed. 

Grinding Test. One block is then placed in position in the arm 
notches with the belt running at a speed which will give the re- 
quired speed under load. The block is allowed to rest on the belt 
and sanding contact is maintained for a period of five minutes. 
This first block is then replaced by the second one. Thus, one 
block is being sanded while the other is being weighed and pre- 
pared for the next period. Only a few seconds are required to 
change blocks so actual sanding is almost continuous if the heat 
generated permits. 

A total sanding-contact time of 60 minutes was chosen for the 
cutting-rate determinations. Three to five belts were ordinarily 
used under each set of conditions. The average cutting rate of 
the several belts for each five-minute period is given in the results 
which follow. The cutting rate specific to each speed and pres- 
sure is the total average of all the five-minute cutting rates for 
the several belts tested at that speed and pressure. 
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Fic. 4 Errectr or Pressure 1/0-80 SANDER BELTS ON MAPLE 


At the end of the test the belt is again blown off with a gentle 
air blast and weighed. Observations of loading and burning are 
recorded. Belt-loss determinations are controlled largely by the 
amount of loading which may take place, and are consequently 
quite erratic and of only general value. 


Test REsutts 


All results presented here are directly comparable. The ac- 
tion of each grit size under one set of conditions can be com- 
pared with the action of the same grit under any of the other con- 
ditions of speed and pressure; the action of two grit sizes under 
identical conditions can be compared, if desired; and the action 
of 1/0-80 Aloxite on hard maple can be compared with that on 
yellow birch under several different conditions. 


1/0-80 Sander Belts. 


The graphs of Figs. 3 to 8, inclusive, give the actions of 1/0—-80 
sander belts on hard maple. 

Effect of Speed. In Fig. 3 belt speed in fpm is plotted as the 
abscissa and total average cutting rate in grams of wood removed 
per minute as the ordinate. Each curve then depicts belt action 
as influenced by speed at either 0.5, 1.0, 1.5, or 2.0 lb per sq in. 
pressure. The 0.5-lb curve shows a tendency toward flattening 
at the 6000 fpm speed. The 1.0-lb curve shows this tendency 
definitely at 5000 and 6000 fpm. At these two pressures, cer- 
tainly at 1.0 lb, maximum cutting rates have either been reached, 
or nearly so. This flattening tendency can be observed in the 
1.5-lb curve at speeds between 4000 and 5000 fpm and in the 2.0- 
Ib curve between 3000 and 4000. A downward trend in these 
areas is a logical expectation based upon the two preceding action 
curves. At the high pressures, however, there are repetitions of 
action cycles caused by excessive loading and sporadic unloading 
which are superposed upon the actual ability of the belt to cut. 
It is this composite action which is recorded with the result that 
the total average cutting rates obtained at the two high pressures 
do not conform to the logical trend of flattening anticipated from 
the two lower-pressure curves. 

Speed, then, exerts a relatively great influence on belt action. 
For example, at 0.5 lb per sq in. pressure an increase in speed from 
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TABLE 1 1/0-80 SANDER BELTS RATIOS; EFFECT OF SPEED 


Speed, Pressure, Average Ratio 
pm lb per sq in. cutting rate Speed Cutting rate 

2000 0.5 5.9 1.0 

3000 10.4 1.5 1.76 
4000 13.2 2.0 2.24 
5000 18.2 2.5 3.08 
6000 20.8 3.0 3.53 
2000 1.0 Race 1.0 
3000 18.9 1.5 1.46 
4000 26.7 2.0 2.07 
5000 37.7 2.5 2.92 
6000 39.5 3.0 3.06 
2000 1.5 20.8 1.0 soe 
3000 32.7 1.5 1.57 
4000 45.9 2.0 2.20 
5000 53.7 2.5 2.58 
6000 65.3 3.0 3.14 
2000 2.0 26.7 1.0 Tr 
3000 42.0 1.5 1.57 
4000 52.1 2.0 1.99 
5000 68.4 2.5 2.56 


TABLE2 1/0-80 SANDER BELTS RATIOS; EFFECT OF PRESSURE 


Pressure, Speed, Average Ratio 
Ib per sq in. pm cutting rate Pressure Cutting rate 

0.5 2000 5.9 1 

1.0 12.9 2 2.18 
1.5 20.8 3 3.53 
2.0 26.7 4 4.52 
0.5 3000 10.4 1 Pee 
1.0 18.9 2 1.82 
1.5 32.7 3 3.15 
2.0 42.0 4 4.03 
0.5 4000 13.2 1 dee 
1.0 26.7 2 1.95 
1.5 45.9 3 3.47 
2.0 52.1 4 3.95 
0.5 5000 18.2 1 aes 
1.0 37.7 2 2.07 
1.5 53.7 3 2.95 
2.0 68.4 4 3.76 
0.5 6000 20.8 1 ree 
1.0 39.5 2 1.90 
» 65.3 3 3.14 
2.0 “ae 4 ai 


2000 to 6000 fpm causes an increase in the cutting rate of 1/0-80 
grit from 5.9 to 20.8 grams per min, or an increase of 253 per cent. 
At 2.0 lb per sq in. the increase in cutting rate is 156 per cent be- 
tween 2000 and 5000 fpm, the maximum speed at which the belts 
could be used at that pressure. The maximum effect of speed 
plus pressure attained is from 5.9 to 68.4 grams per min, an in- 
crease of 1060 per cent. These data with the ratios are given in 
Table 1. The speed ratios are based upon a belt speed of 2000 
fpm and the cutting-rate ratios upon the cutting rate at 2000 fpm. 
A well-defined tendency toward a lower rate of increase in cutting 
rate for increased speed as the pressure becomes greater is shown. 

Effect of Pressure. The same data have been summarized 
graphically in Fig. 4 to show the effect of pressure for each of the 
five speeds. Here again is shown the approach to maximum per- 
formance, particularly at the 3000 and 4000 speeds. The anoma- 
lous actions of the high pressures at the higher speeds are reflected 
as in Fig. 3. The data with ratios of increase in cutting rate due 
to pressure are given in Table 2. The pressure ratios are based 
upon the 0.5-lb per sq in. pressure and the cutting-rate ratios upon 
the cutting rate at 0.5 lb per sq in. 

Aside from the actual increases, comparisons of Figs. 3 and 4 
and Tables 1 and 2 bring out the interesting fact that speed and 
pressure have practically equal influence on the cutting rate of 
these 1/0-80 grit belts. That is, increasing the speed to 300 per 
cent, for example, results in approximately the same increase in 
cutting rate as does an increase to 300 per cent in pressure. 

Detailed Belt Action. Fig. 5 gives the curves for the average 
action during each five-minute period for the five speeds at a pres- 
sure of 0.5 Ib per sq in. These curves show less uniformity of 
action as higher speeds are employed. At 6000 fpm is to be seen 
one clear-cut cycle of loading. At the end of 36 minutes, the belt 
threw off part of the cuttings which had been accumulating during 
that time, as is evidenced by the sudden upward slope of the 
action curve. From that point on, it alternately loaded and un- 
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loaded, maintaining about the same average cutting rate through- 
out the remainder of the test. Your attention is also directed to 
the slightly increasing angle with the abscissa which the general 
slopes of the curves acquire with increased speed. The signifi- 
cance of this will be mentioned later. 

Fig. 6 for the same speed series at 1.0 lb per sq in. pressure 
shows the same characteristics just mentioned but in a higher 
order of magnitude. Greater nonuniformity of action and a 
greater increase in slope angle are evident. The 6000-fpm curve 
is only slightly above the 5000-fpm curve and drops below it at 
the 46-minute period showing that after that length of time the 
physical condition of the belt was such that it cut less wood than 
at 5000 fpm. Evidence of cycles of loading can be seen for all 
speeds at this pressure. 

Fig. 7, belt actions at 1.5 lb per sq in., show more prominently 
loading cycles at speeds of 2000 and 3000 fpm and the greatly in- 
creased slope angle. Here the cutting rate at 5000 fpm drops 
below that of 4000 fpm at the end of 56 minutes and the rate at 
6000 fpm falls almost to that at 4000 fpm at the end of the test. 
Loading is excessive at this pressure at any speed. At speeds 
above 4000 fpm burning of the wood and belt occur to a degree 
which precludes commercial usage. 

Fig. 8, at 2.0 lb per sq in., shows the proximity of maximum 
pressure for this grit size. All belts failed before test completion 
at 6000 fpm. Two loading cycles are shown very clearly by the 
2000-fpm curve, the first culminating at 31 minutes and the 
second at 61. These cycles become less distinct at the higher 
speeds because the heavy load of cutting is actually baked or 
burned to the belt, preventing appreciable unloading. 

Data have been assembled in Table 3 in such a way as to em- 
phasize the relation between speed and pressure in their influence 
on the cutting rates of the 1/0—-80 sander belts. Reducing the 
speed to one half or one third and increasing the pressure twice 
or three times, respectively, gives the same cutting rate and the 
same total wood removal. It will be seen that one factor in 
inverse proportion to the other produces the same result. Table 
3 contains all of the tests with ratios to which this rule is appli- 
cable. There happen to be no equivalent tests for the ones not 
shown. 


3/0-120 Sander Belts. 


Figs. 9 to 14, inclusive, give a graphical summary of the results 
obtained under identical test conditions with 3/0-120 Aloxite 
belts. Trends and effects are of the same nature for this grit 
size as just discussed for 1/0—80 grit but they are encompassed in 
a smaller speed-pressure range; 3/0-120 grit belts are the more 
sensitive to changes in speed and pressure. 

Effect of Speed. The influence of speed at a given pressure is 
depicted in Fig. 9. At pressures of 0.5 and 1.0 lb per sq in. the 
trend of the cutting rates is still upward at 6000 fpm, the highest 
speed. At 1.5 and 2.0 lb per sq in. the maximum cutting rates 
have been reached at speeds near 5000 and 4000 fpm, respectively. 

Effect of Pressure. Fig. 10 shows the effect of pressure at each 
speed. Attention is directed to the fact that at 1.5 lb per sq in. 
the cutting rate at 5000 fpm is less than that at 4000. The 6000- 
fpm curve is hypothetical but unquestionably, if higher pressures 
could have been used, cutting rates would have fallen rapidly 
probably below all the others. 

The maximum influence of speed is found at 0.5 lb per sq in. 
pressure where the cutting rate increases from 2.5 to 10.1 grams 
per min, an increase of 304 per cent. This maximum effect, due 
to pressure, is at a speed of 2000 fpm where the increase is from 
2.5 to 17.0 grams per min, or 580 per cent. The maximum in- 
crease in cutting rate resulting from the application of the maxi- 
mum usable speed and pressure amounts to 1060 per cent which 
is identical with that for 1/0—80 grit though at a lower speed and 
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Fig. 9 Errect or SPEED 3/0-120 SANDER BELTS ON Harp 


pressure. The actual cutting rates are much less for 3/0-120 
grit, however. 

Detailed Belt Action. Fig. 11 shows uniform actions at 0.5 lb per 
sq in. with loading but slightly in evidence at 6000 fpm. The spac- 
ing of the individual curves with respect to each other shows a fairly 
consistent rate of increase in cutting rate with increase in speed. 

In Fig. 12, for 1.0 lb per sq in., the effect of loading becomes 
evident at 4000 fpm. Belt performance, after about 40 minutes 
at 6000 fpm, dropped to the level of 5000 fpm. Three loading 
cycles are plainly shown. 

At 1.5 lb per sq in., Fig. 13, loading takes effect at 3000 fpm. 
Several loading cycles are evident in 5000 fpm action curve. The 
position of this curve shows that maximum performance was 
reached at about 4000 fpm. Belt failure before the end of 60 
minutes precluded results at 6000 fpm. 

Fig. 14 shows belt action at 2000 and 3000 fpm and 2.0 lb per 
sq in. pressure to have been quite uniform and normal. At 4000 
fpm, however, excessive burning and loading occurred and the 
action became correspondingly erratic. Higher speeds at this 
pressure were impossible. 

In Fig. 15 cumulative wood removal is plotted at the end of 
each 5-minute period for all the 3/0—120 grit belts on hard maple. 


TABLE 3 1/0-80 SANDER BELTS SPEED; ey RATIOS 
FOR BELTS OF SIMILAR CUTTING RAT 


Total wood 

Speed, ; Pressure, Cutting rate removed, 
ipm Ratio Ilbpersqin. Ratio gpm Ratio grams 
4000 0.5 0.5 2.0 13.2 0.98 796 
2000 1.0 12.9 764 
5000 0.6 0.5 2.0 18.2 1.04 1094 
3000 1.0 18.9 1134 
6000 0.33 0.5 3.0 20.8 1.00 1249 
2000 1.5 20.8 1249 
4000 0.5 1.0 2.0 26.7 1.00 1600 
2000 2.0 26.7 1600 
4000 0.75 1.5 1.33 45.9 0.91 2757 
3000 2.0 42.0 2523 
5000 0.8 1.5 1.33 53.7 0.97 3223 
4000 2.0 52.1 3129 
6000 0.8 1.5 1.33 65.3 1.05 3913 
5000 2.0 68.4 4102 


Fie. 10 Errecr or Pressure 3/0-120 Sanper Betts on Harp 
MAPLE 


Fie. 11 Inpivipvuau Spegeps 3/0-120 SanperR Be tts at 0.5 LB Per 
Sq In. on Harp 


It gives another view of belt action and shows groupings of ap- 
proximately identical actions similar to those of Table 3 for 1/0- 
80 grit. There are two pairs and two groups of three. Speed- 
pressure relationships are not quite as constant as they were for 
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Fig. 14. Spgeps 3/0—-120 SANDER BE LTs aT 2.0 LB PER 
Sq In. on Harp Mapie 


1/0-80 grit, but the majority follows the same rule, that is, in- 
versely proportional speeds and pressures give the same sanding 
actions. The variations from this rule in 3/0-120 grit are small in 
amount. The greatest variation occurs where the results are of 
least similitude. 

The extremes of the test conditions were used to obtain an in- 
dication of the effects in sanding yellow birch with 1/0-80 sander 
belts. The results are given in Table 4. The birch was given 
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Fig. 13 Inpivipvuat SpEEDs 3/0-120 Sanper Betts aT 1.5 LB Per 


Se In. on Harp Mapie 


Fig. 15 CumuLativeE Woop Removat 3/0—-120 SANDER BELTS ON 
Harp MapLe 


the same preparation before the tests as the maple. Its average 
hardness is 0.0090, which is but slightly softer than maple. Al- 
though its reaction to sanding is different from maple, the major 
trends are in the same direction. The prime interest in these 
results is to be found in the difference in cutting rate between two 
woods of practically identical hardness measurements. This 
different sandability of birch limits maximum speed and pres- 
sure attainable to 5000 fpm at 1.5 lb per sq in. The highest 
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TABLE 4 SUMMARY OF DATA 
(Sanding time, 60 min) 


Hard maple Yellow 
1/0-80 Sander belts 3/0-120 Sander belts 1/0-80 Sander belts 
Avge. Total wood Avg. Total wood Avg. Total wood 
d, Pressure, No.of Avg. belt cutting removed, No. of Avg. belt cutting removed, No. of Avg. belt cutting removed, 

pm lb persqin. belts loss, grams rate, gpm ; ams Its loss, grams rate,gpm grams Its loss, grams rate,gpm grams 
2000 5 ..2 5.9 354 3 1.3 2.5 149 3 0.9 4.8 286 
3000 3 0.7 10.4 626 3 IS 4.8 289 
4000 0.5 3 2.4 13.2 796 3 0.4 6.6 398 3 1.3 cy ge 1024 
5000 3 3.8 18.2 1094 3 4.2 8.3 500 3 0.9 19.5 1168 
6000 3 2.2 20.8 1249 3 asa 10.1 607 

2000 4 2.0 12.9 764 3 1.6 6.8 407 

3000 4 2.6 18.9 1134 3 1.8 11.3 676 
4000 1.0 3 0.8 26.7 1600 3 1.5 14.9 888 

5000 3 +0.4 B7.2 2262 3 0 18.2 1093 

6000 2 +2.4 39.5 2376 1 +0.7 21.1 1268 

2000 3 3.1 20.8 1249 3 1.5 11.0 661 3 0.8 15.9 957 
3000 3 1.2 32.7 1965 3 1.4 17.3 1035 

4000 1.5 3 +0.1 45.9 2757 3 0.8 24.7 1482 

5000 3 +4.3 53.7 3223 2 +1.3 22.9 1370 2 +1.9 33.7 2025 
6000 2 +6.6 65.3 3913 

2000 3 3.3 26.7 1600 3 2.0 17.0 1021 

3000 3 ..2 42.0 2523 3 1.4 22.5 1348 

4000 2.0 3 +4.6 52.1 3129 1 +0.5 27.1 1629 

5000 1 +7.0 68.4 4102 


average cutting rate reached was 33.7 which is 49 per cent of that 
of maple. The greatest increase in cutting rate is from 4.8 to 
33.7 grams per min, or about 600 per cent. Birch, then, is more 
sensitive than maple to changes in sanding conditions and can be 
sanded at only half the maximum rate of maple. 


Slope Angle. 


Although not within the scope of this paper, a few words about 
the significance of the slope angle seem in order. All the indi- 
vidual sanding-action curves show an increased angle of general 
slope with the abscissa with increased speed. This angle also 
becomes greater with higher pressure. The slope of a few of the 
action curves is great enough to cause them to cross the curve of 
a lower speed. This increase in slope angle means a correspond- 
ing decrease in effective belt life. Other tests make possible the 
statement that the total amount of wood removed at some rela- 
tively low speed and pressure exceeds that at some higher speed 
and pressure. Commercially, the economic problem is the usual 
one of balancing production rate against total cost, with burning 
of the work probably establishing the upper limit of usable speed 
and/or pressure. 


Belt Loss, or Wear. 


Difference in belt weight between the beginning and end of a 
test may be negative or positive depending upon the amount of 
loading. The amount is relatively small in either case. Average 
belt weight differences are given in Table 4. As stated, they are 
far from precise. They do indicate, however, the increased 
loading which results at increased speed and pressure and, in most 
instances, appear to be relative indicators of loading for different 
grit sizes. As a matter of fact, observation of belt wear through- 
out a period of years of sander-belt testing on wood permits the 
statement that the actual wear on fused alumina abrasive grain 
under conditions of usable controlled pressure is negligible. 


The effective life of a sander belt in the trade is usually termi- 
nated by excessive loading for one or more reasons and by 
abuse in the sense that abnormal conditions are imposed for 
high production rates. Many hours of operation under con- 
ditions permitting normal sanding action are built into sander 
belts nowadays. 


CONCLUSIONS 


(1) The cutting rate of a sander belt becomes greater, within 
limits, as the speed of the belt is increased. 

(2) The cutting rate becomes greater, within limits, as the 
pressure applied to the work is increased. 

(3) This work has apparently established a law which can be 
stated as: If speed or pressure be varied, one in inverse pro- 
portion to the other, the cutting rate of a belt will remain the 
same. 

(4) There is a maximum speed and pressure beyond which 
the cutting rate will decrease. This phenomenon is a result of 
the heat generated and/or loading. 

(5) There are speeds and pressures at which repeated cycles of 
loading occur without detriment to belt action. We consider 
this the upper limit of normal belt action. 

(6) Maximum limits and normal-action ranges must be de- 
termined for each grit size and each kind of wood. 

(7) The maximum increase in cutting rate which can be real- 
ized from increased speed and pressure is a function of the 
characteristics of the wood, not of grit size. 

(8) This work indicates that effective belt life decreases as 
conditions are imposed which cause an increase in the cutting 
rate; that this decrease in life becomes disproportionately greater 
at high speeds and pressures. 

(9) All results and conclusions presented herein must neces- 
sarily be qualified as specific to the conditions governing these 
tests. 
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Hot-Pressing Technique for Plywood 


By THOMAS D. PERRY! ano MARTIN F. BRETL,? PHILADELPHIA, PA. 


The authors review briefly the history of the cold press- 
ing of plywood with various adhesives, and discuss the 
development and adoption of hot pressing with thermo- 
setting synthetic-resin adhesives which are more water 
resistant than the adhesives developed for cold pressing. 
The various types of domestic and foreign hot presses and 
their characteristic features are described. It is shown 
that several factors in the behavior of wood under heat are 
common to all known types of resin adhesives; these are 
the speed of heat penetration through various thicknesses 
of veneer and the heat losses encountered in practicable 
bonding periods of time, both differentiated as to core 
thicknesses, moisture content, and temperature. Specific 
pressure and wood species are found to have little if any 
influence on these factors. Another factor is the effect of 
heat on the tensile strength of wood, which is shown to be 
relatively unchanged in practicable bonding periods. 
These phenomena are shown by tables and graphs and are 
fully described. Other factors individual to the adhesive 
used, and the characteristics of a resin film, are outlined 
in tables and are described. The authors predict that the 
rapidly growing adoption of hot pressing and resin adhe- 
sives is widening the plywood market. 


HE PLYWOOD industry in the United States, which 
"Tetons about 1870, is facing the most radical changes in 

the technique of adhesives that have occurred in its entire 
history. The one outstanding problem of the industry is the type 
of plywood adhesive that will most nearly meet the requirements 
of strength, cost, availability, weatherproofness, fireproofness, 
ease of manufacture in plywood operations, and general accept- 
ability by the consumer. 

While considerable antecedent plywood information has been 
contained in previous A.S.M.E. papers, it will supply background 
and perspective to briefly summarize and coordinate this data 
with references, as the starting point for this study. 


1 Engineer, The Resinous Products & Chemical Co., Inc. Mem. 
A.S.M.E. Mr. Perry was graduated from the Massachusetts Insti- 
tute of Technology with an S.B. degree in 1900. He was employed 
in the engineering departments of various woodworking firms in Grand 
Rapids, Mich., until 1924. He was an engineer in the employ of 
Bigelow Kent Willard & Co., consulting engineers, Boston, Mass., 
from 1925 to 1929. Until 1934 he was chief engineer for the New 
Albany Veneering Company, New Albany, Ind. During 1935 and 
1936 he was chief engineer of Plywoods, Inc., and the Gunnison 
Housing Corporation, New Albany, Ind. Since 1936 he has held his 
present position. 

2? Chemist, The Resinous Products & Chemical Co., Inc., Phila- 
delphia, Pa. Mr. Bretl was graduated from the University of Wis- 
consin with a B.S. degree in chemistry in 1935. He worked in vari- 
ous plywood and paper factories in Wisconsin for one year and since 
1936 has been employed in the research laboratories of the company 
with which he is now associated. 

Presented at the Meeting of the Wood Industries Division of 
Tue AMERICAN Socrety oF MECHANICAL ENGINEERS, held at Grand 
Rapids, Mich., October 8-9, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. 
Discussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


Press DEVELOPMENT 


The application of veneer and plywood adhesives has always 
required pressure to complete the bond or joint. The workman 
in the eras of the Egyptian Pharaohs used sand bags for this pres- 
sure, the artisan of two hundred and even one hundred years ago 
used a veneer “hammer,” drawn repeatedly across the veneer sur- 
faces to squeeze out the air and surplus glue, and to smooth down 
the surface, until the glue had taken its initial “set” and would 
“hold.” 

Following this were the many types and varieties of pressure 
screws with the obvious limitation that the amount of pressure 
realized varied with the pitch of the screw, its degree of efficient 
lubrication, the length of the lever, and the manual dexterity and 
strength of the operator. The intelligent use of hand screws 
still has a place in the plywood industries for such special pur- 
poses as edge veneering, overlays, repairs, and some incidental 
operations. The industry has now grown to such an extent that 
several types of screw presses are motor driven and the electric- 
current demand can be used to determine approximately the 
specific pressures attained, although the results are subject to 
some inescapable variations. 

The hydraulic press (9),* actuated by rams or pistons, came 
into the plywood industry around 1900. Piston pumps were the 
first general source of hydraulic power, soon supplemented by 
rotary pumps for rapid closing of the press to prevent premature 
setting of the glue in hot pressing. Some hydraulic-press manu- 
facturers utilize motor-driven screws for press closing and secure 
their final pressure by piston pumps. In the last few years, ro- 
tary pumps have been sufficiently developed to permit their use 
for both preliminary and final pressures. The pressure-fluid 
medium is usually a thin oil, although some authorities advocate 
an emulsion of oil in water. 


or Hor Pressine 


Careful study of gluing phenomena using animal, vegetable, 
casein, and soya-bean glue lead to the eventual conclusion that 
some fundamental physical or chemical change must be brought 
about to render glue insoluble in water after it was set or 
hardened. 

The first practical demonstration, in the United States, of al- 
tered characteristics during the adhesive-setting stage was made 
between 1914 and 1916 in the blood-albumin field. The Haskell 
Company, Lundington, Mich., had been exploring the possibilities 
of forcing the coagulation ofalbumin under simultaneous heat and 
pressure to supply waterproof plywood for canoes and small 
boats. This step proved to be the necessary physical and chemi- 
cal change to render the albumin wholly insoluble in water after 
coagulation. The development was far too important to be limited 
to the restricted field of pleasure craft, and was soon taken over 
by the Haskelite Company, Grand Rapids, Mich., and further 
developed for the air and water craft so essential in supplying 
fighting equipment for the World War. The use of blood al- 
bumin as a hot-press plywood adhesive had been known in Russia 
as early as 1900 (3). Its use, both here and abroad, was seriously 
restricted by the variable quality of commercial dried blood, the 
staining of veneers, its disagreeable odor, and the untidy compli- 
cations attending its use in factories. 


3’ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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Fig. 1 


(Note the two large pistons in the lower head, and the cast upper and lower heads. 
at the Red Lion Cabinet Company’s plant, Red Lion, Pa. 


SynTHETIC-RESIN ADHESIVES 


The adhesive qualities of some of the synthetic resins have been 
recognized for over 20 years. In fact, the impregnation of thin 
tissue paper with a phenol-formaldehyde resin (17) was proposed 
and tried in 2 small way as early as 1918. About 1929, similar 
resin-film adhesives for plywood began to be used in the United 
States, the product being imported from Germany. This was 
set under heat and pressure, with a similar metamorphosis in 
physical and chemical form as occurs in blood albumin. Their 
convincing waterproof qualities were immediately recognized, 
but the abnormal cost of importation and the great scarcity of 
hot presses in plywood plants, permitted only a very restricted 
use. The introduction of this imported film probably caused con- 
siderable activity in the direction of the use of either powdered 
resins or liquid resins that could be made in this country. Defi- 
nite recognition of the importance of this subject was evidenced 
by two papers (12, 14) presented before the A.S.M.E. in 1932 
and 1933. By the early part of 1935 arrangements had been con- 
summated to manufacture resin films in the United States. 
This step of domestic manufacture reduced the cost to such an 
extent that it became comparable with casein and was found to 
have many superior qualities. 

The American plywood manufacturers soon began to realize 
that the use of resin-film adhesives greatly broadened the ply- 
wood market by opening many new outlets formerly barred by the 
lack of a thoroughly waterproof adhesive. Since that date some 
forty or more woodworking plants have installed hot presses and 
the resin film has become a well-established adhesive in plywood 
production. The wider plywood market has been indisputably 
demonstrated. 

While the film of phenol-formaldehyde resin is the best known 


Piywoop STEAM-HEATED Press Wi1TH TEN 48-IN. X 22-IN. OPENINGS 


The pumping equipment and controls are at the right. 
Courtesy of Williams, White & Company, Moline, III.) 


Installed 


and most used of the new resin adhesives, there are several other 
types of resins and methods of application. Urea resins are used 
in liquid form, departing less than the film from the conventional 
plywood methods of mixing and spreading, but resulting in less 
waterproof bonds. Urea resins, however, are scarcely beyond 
the development stage and much remains to be done. Other 
synthetic resins, in dry or powder form (12) may be ‘‘dusted’”’ on 
veneers in the presence of a vapor solvent, but the application of 
powdered resins is not practiced to any extent because of the diffi- 
culties of ‘sifting’ the powder on the veneer with a thin but even 
coating, and also the need of treating each side of a sheet of 
veneer separately, rather than coating the two sides simultane- 
ously. 
Hor Pressine ror PLywoop 


It becomes evident that the background of experience in the 
technique of hot pressing is based partly on a decade of European 
experience as well as on the developments of the last few years in 
the United States, and is less adequate than the known facts 
about cold pressing in the plywood industry. There are a num- 
ber of fundamental differences, and a new technique is emerging. 
Some of the more fundamental phenomena have already been ex- 
plored and may be presented here for the guidance of those who 
are entering this new field. The presentation of these data 
naturally falls into two groups: First, the problems of hot-press 
design and operation that are common to all hot press adhesives, 
and second, the problems that relate individually to the charac- 
teristics of any chosen heat reactive adhesive. 

In the hot-press operation with resin film, the resin film is cut 
to dimension and laid between the sheets of veneer, where the 
glue would ordinarily be spread. The next step is to place the 
assembly of veneer and film between aluminum cauls or sheets 
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Fic. 4 PLywoop SrTeaM-HEATED 
Press TEN 86-IN. X 50-IN. 
OpENINGS—PRESSURE INTENSI- 
FIER Is SHOWN AT THE RIGHT 


(A rotary pump operating at 300 Ib per 
pe is used to close the press after 
which the required specific pressure of 
4800 Ib per sq in. is supplied by the 
intensifier. Installed at the American 
Furniture Company's plant, Bates- 
ville, Ind. Courtesy of Chas. 4 
Francis Company, Rushville, Ind.) 


Fig. Prywoop SreamM-HeaTep Press Five 50-In. X 84- 
In. OPENINGS 
(Note the levers for closing the press by moving the top and bottom heads 
simultaneously. Also note the double-plate diaphragm directly above the 
lower head for securing ultimate specific pressure. Courtesy of the Merritt 
Engineering and Sales Company, Lockport, N. Y.) 


Fig. 2. (Lerr) Piywoop Sream-Heatep Press Ten 48-IN. 
< 48-In. OPENINGS 
(Note the one large inverted piston. The pumping equipment is located to 
the right and in back of the press. Installed at the Detroit hy Products 
Company’s plant, Detroit, Mich. Courtesy of the Hydraulic Press Manu- 
facturing Company, Mt. Gilead, Ohio.) 
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1/1¢to0 !/gin. thick. The final operation is to insert the individual 
assemblies (with cauls) in the openings of the hot press for from 
3 to 15 min, applying a pressure between 150 and 300 lb per sq in. 
(depending on least dense species of wood used) and a tempera- 
ture between 275 and 325 F. The simultaneous application of 
heat and pressure first softens (a slight flow) the resin, to start 
the adhesive action, and then polymerizes or hardens it. As the 
phenol-formaldehyde resins are thermosetting the bond may be 
completed in a few minutes, depending on distance of heat pene- 
tration required, when the plywood is ready for trimming and 
sanding on removal from the press. 

Another variant on the hot-press operation is the use of a liquid 
resin, mechanically mixed and spread as described previously 
for the cold-pressed liquid glues, each plywood assembly being 
placed between aluminum cauls and hot pressed ready for further 
manufacturing. This places the problems of glue mixing and 
spreading on the plywood manufacturer and the liquid resin 
coating will inevitably expand the glue-coated sheets of veneer 
before pressure can be applied. 


Types or Hor Presses 


The recent interest shown by plywood manufacturers in hot 
pressing has centered attention on several types of styles of hot 
presses, which are illustrated and briefly described later in this 
paper. These presses in the main may be side or end-feed and 
discharge, depending on character and size of plywood. When 
large sizes of plywood are required, or where there are many 
openings in the hot press, automatic charging and discharging 
attachments are required. Practically all press manufacturers 
are prepared to furnish cast heads with steel strain rods or welded- 
steel press frames. 

Domestic Hot Presses. Four types of domestic hot presses are 
shown in Figs. 1 to 4, inclusive. The press shown in Fig. 1, 
using cast heads, steel tension rods, platens of rolled steel, and 
platens bored in both directions for steam distribution, is usually 
operated by rotary pumps at a maximum pressure of 2000 to 
2500 lb per sq in. It has larger diameter pistons than ordinarily 
used in imported presses. Steam distribution is through tele- 
scopic pipes. 

Another press of a type similar to the one shown in Fig. 1 is 
that shown in Fig. 2, but the pumping unit is a variable-displace- 
ment type (15) operating as a rotary pump at low pressure to 
close the press, and as a multiple-piston pump at high pressure. 
This is of particular importance where there is a long piston 
travel as in the use of male and female dies for shaped plywood. 
This press also has cast heads and steel strain rods, and has an 
unusually large inverted piston capable of producing pressures on 
the platens upward of 500 lb per sq in. 

The press shown in Fig. 3 is a unique combination of a motor- 
ized screw mechanism for press closing and a diaphragm for ulti- 
mate pressure. The top and bottom heads are connected by 
levers so that as the screws lower the upper head, the levers 
raise the lower head, making for rapid closing. The diaphragm 
is on the lower head and is essentially two platens with edges 
sealed with a rubber bellows of limited range. Pneumatic pres- 
sure is used between these rubber-connected platens and need be 
little higher than the ultimate specific pressure required on the 
plywood, or seldom more than 300 lb per sq inch. A unique fea- 
ture of this press is the platen construction, consisting of a welded 
grid of square seamless steel tubing faced on both sides by rolled- 
steel plates approximately '/s in. thick. While less rigid than 
the solid steel bored platen, it is lighter in weight. Steam is dis- 
tributed through the interior of the square tubes. 

The press shown in Fig. 4 is similar to three just described ex- 
cept that the individual platens are thicker, being 2'/, in. thick, 
and it utilizes a low-pressure rotary pump (300 lb per sq in.) for 
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closing, which low pressure is later built up to 4800 Ib per sq in. 
by an intensifier shown to the right in Fig. 4. A special valve 
mechanism is provided to divert this higher pressure into the 
press pistons at the instant the press closes. 

Still arother type of press is under development (not illus- 
trated) where the press is closed by lowering the top head by 
motorized screws. The platens are heated by hot recirculating 
oil and the ultimate pressure is secured by a pair of diaphragms 


Fie. 5 German Piywoop StpaM-HEATED Press Five 50-In. 
X 100-In. OPENINGS 


(Note the pumping equipment installed above the controls at the left. 

Note also the five pairs of small pistons, and the heavy structural upper and 

lower heads. The controls are at the right. Courtesy of Becker & Van 
Hullen, Krefeld, Germany.) 


Fic. 6 German STEAM-HEATED PLywoop Press Wirn Five 
OPENINGS AND OVERHEAD PuMPING EQuIPMENT 


(Note the heavy structural upper head and much thinner lower head. The 
left-hand pair of pistons are not in service. Courtesy of Siempelkamp 
Company, Krefeld, Germany.) 
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Fig. 7 Twin INSTALLATION OF HypRAULIC ELECTRICALLY HEATED PLywoop PREss 


(Note the automatic charging device at the right on which plywood assemblies are alternated with electric cauls. The electric-service connections 
are shown at the center of the press. Installed at the peat of the Haskelite Manufacturing Company, Grand Rapids, Mich. Courtesy of the 
askelite Manufacturing Company.) 


on the lower head, approximating that required for the plywood. 

Imported Hot Presses. Two types ot imported hot presses are 
shown in Figs. 5 and 6, the principal differences between them 
being the lower head. In the press shown in Fig. 5, the lower 
head is a heavy type similar to the upper head, and all pistons are 
in constant use. In Fig. 6 the lower head is much lighter than 
the upper head, and in addition, the end pairs of pistons can be 
thrown out of service, concentrating the pressure over the cen- 
tral pairs of pistons. This is done when less than the whcle 
platen area is used for plywood bonding. In general! it is 
customary on these imported presses to use pump pressures up to 
6000 lb per sq in. a 

Electrically Heated Cauls. Still another method of hot-pressing 
plywood consists of using electrically heated aluminum or steel 
cauls as shown in Fig. 7, with the electric elements built into the 
cauls. Electric connections are made to the cauls in an un- 
heated hydraulic press. The electric-current demand is consid- 
erable so that the commercial use of this method has been limited 
with both film and liquid resin adhesives. 


CurvED PLywoop IN Hor PreEsstna 


While the vast majority of plywood is bonded for utilization 
in flat sheets, there are occasional uses for both simple and com- 
pound curves as well as for concave and convex shapes. An 
example of simple curvature is a plywood back or seat of an opera 
chair. An example of compound curvature is a plywood burial 
casket lid. An example of concave or convex shapes is a decora- 
tive plywood serving tray or a “dished” cylinder head. 

There are two principal methods of making these non-flat 
shapes: First, they can be made during the initial bonding of 
the plywood between male and female dies, which take their heat 
from the platens; second, they can be bent to shape subsequent 
to the flat bonding, which bending is done after steaming the 
plywood to reduce its bending resistance. In the latter instance 
the bend is “set”? by drying the plywood in the desired shape, 
usually with a cold female and hot male die. Thin sheets of ply- 


wood, that are well anchored in place, may sometimes be bent 
dry and cold without any operation to “‘set’’ the bend. 

The resin films are particularly adaptable to the initial bonding 
of all types of curved plywood since there is much less tendency 
to slip out of position than with any liquid adhesive. The phenol- 
formaldehyde resins are preferable for bending after steaming as 
they produce an entirely waterproof bond, whereas urea-formal- 
dehyde resins have not developed the same degree or extent of 
resistance to steam or hot water. 

It is possible to design plywood with such thicknesses of veneer 
and directions of wood grain as to facilitate greatly the desired 
bending operations. Since two-ply is more flexible than greater 
multiples, it is frequently used for such curved work as small 
radio cabinets, clock cases, and the like. 

In certain types of bent work, such as trays, it is customary to 
make reinforced two-ply faces and backs flat in hot presses, then 
sand and polish the two-ply surfaces and subsequently bond the 
two-ply face and back into five-ply in a forming press that makes 
the final bond on the center core and produces the desired degree 
of curvature. 

Reinforced hot-pressed resin-bonded two-ply faces are also 
frequently used with crotch, burl, swirl, and stump veneers, where 
a large number of wood fibers are cut across. The deep contrast- 
ing colors of both raw and finished veneer are caused by these open 
end fibers. Such veneer is exceedingly fragile and likely to break 
in handling; consequently, this reinforcing with a thin sheet of 
sturdy veneer substantially increases the useful yield of veneer. 
Such fragile veneer is exceedingly porous and this two-ply opera- 
tion is more advantageously done with a resin-film adhesive rather 
than with any liquid adhesive, which penetrates too freely (21). 


EssENTIAL Hot-Press Data 


There are a number of problems in hot pressing that are quite 
different from those of cold pressing, and several of these funda- 
mental problems are common to the various hot presses and inde- 
pendent of the type or character of the adhesive used. 
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Perhaps the most important information is the time of heat 
penetration, i.e., the time required for the platen temperature to 
penetrate through the layers and thickness of veneer to the farth- 
est glue line. Another closely allied problem is to determine the 
actual temperature losses through various thicknesses of wood 
that are to be expected within a practicable range of bonding time. 

Plywood is customarily made to meet specified thickness re- 
quirements either of grooves or adjacent pieces. With thin ve- 
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Fig. 8 SKETCH OF ARRANGEMENTS USED IN MAKING PENETRATION 
TESTS 


(Cross-hatched portions indicate heated platens. Arrangement A is used 
with thick cores. Arrangement B is used with thin cores. The thermo- 
couple junction is located at C.) 


2 
13-15% 
3 inutes 
20 30 
ATTAINED TEMPERATURES 
4 Constants- Platen Temperature =300F 
® Thickness of Core=7 
Specific Pressure =/50-COOLb 
Penetration Depth= 
Variables - Time Under Pressure 
Minutes Moisture Content of Veneers 


Fig. 9 TEMPERATURES ATTAINED WITH VENEERS OF DIFFERENT 
MolsturE Contents DurING DIFFERENT PRESSURE PERIODS 


neered surfaces, variations in plywood thickness may be serious. 
Consequently what reduction in thickness, due to compressibility 
of wood in a hot press, may be expected in different species 
and thicknesses, under the various pressures required for resin 
bonding? 

Does heat at 300 F during a reasonable bonding period, with or 
without simultaneous pressure, influence the tensile strength of 
the wood? 

While these appear to be problems of major importance, the 
growth of knowledge is uncovering new problems yet to be 
solved. 


HEAT-PENETRATION TESTS 


Preliminary exploration in this field indicated that the dis- 
tance to the farthest glue line, or the depth of heat penetration 
was the most important factor. It also revealed that speed and 
degree of penetration were not dependent on wood species or 
density since the speed of heat penetration and heat losses were 
found to be approximately the same for the more common woods, 
such as poplar, gum, birch, and Douglas fir and the like. On the 
other hand the moisture content of the veneer was found to rank 
next in importance to the depth of heat penetration. The third 
factor was core thickness, since this adjacent core, beyond the 
point under test, absorbed an appreciable amount of heat. The 
setup for these heat penetration tests is shown in Fig. 8, with the 
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junction of the thermocouple wires above the veneer core at a 
central point halfway between the two outer edges as at C, in the 
12-in. X 12-in. square sheets of veneer. It is obvious that the 
maintenance of heat at point C is easier in B than in A, due to 
absorption of heat by the wood in the core. In one case, heat 
comes from both above and below, through a relatively thin core; 
in the other case, it comes principally from above, with a definite 
heat loss into the core. In most hot presses used for factory 
production, approximately 1 min is required to insert plywood in 
press openings, close the press and reach desired specific pressure. 
While considerably less time was required in the laboratory setup, 
it seemed advisable to make this 1-min allowance in Tables 1 and 
2 in order that these tables might be applicable to factory work. 
No adhesive was used in these heat-penetration tests. 

The data contained in Table 1 show most significantly the re- 
tarding effect of moisture in the wood, and to a lesser degree the 
fact that the thicker core similarly retards the temperature. 
These values are plotted in Fig. 9, showing the significance of 
moisture contentin veneer. Fig 10 indicating difference due to core 
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Deptrus DurRING DIFFERENT PRESSURE PERIODS 


thickness; Fig. 11 shows the heat-penetration factors through a 
depth representing different thickness of veneers, i.e., to the far- 
thest glue line. The effect of moisture content in the veneer is 
most effectively shown in Fig. 9 where the lower line (moisture con- 
tent of 13 to 15 per cent) reaches 212 F, the active evaporation 
point of water, in 8 min and remains approximately at that temp- 
erature for 17 min during which period the heat energy is con- 
sumed in evaporating the water rather than increasing the tem- 
perature. After 25 min, when most of the water has been evapo- 
rated, the temperature line again rises. This phenomenon is quite 
similar for the various thicknesses of core in the same moisture- 


Fe: 
TT] 
/ 
| 
| 
| 
| 
| 
| 
| 
0 
| 
| 


WDI-60-3 


content (13 to 15 percent) brackets. It is apparent that in the '/, 
in. and 4/s-in. distances to the farthest glue line, the attainment 
of full platen temperature is not possible within a reasonable bond- 
ing period, but fortunately the bonding of most resins is a com- 
bination (within limits) of time and temperature, i.e., a longer 
time at a lower temperature will give as strong a bond as a shorter 
time and higher temperature, as shown in Table 5. 

The data given in Table 2 represent a study to determine the 
effect of varying temperatures on the speed of heat penetration 
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and, consequently, the time of resin bonding. Most woodworking 
factories have a steam pressure of 100 lb per sq in. at the boilers 
or approximately 75 lb per sq in. at the hot press. With reason- 
able allowance for radiation losses, it is practicable to secure hot- 
press platen temperatures of between 320 and 325 F. However, 
some light-colored veneers are darkened in color by heat and 
lower temperatures are more feasible. The results in Table 2 are 
at a fixed moisture content of between 7 and 9 per cent and gradu- 
ated temperatures of 280, 300,and 320 F. The variations in core 


thickness and distance to farthest glue line are 
arranged as in Table 1. Certain values of Table 2 
are plotted in Fig. 12. The significance of the 


TABLE 1 SPEED AND EXTENT OF HEAT PENETRATION AT VARIOUS MOIS- 
TURE CONTENTS OF VENEER? 


a a. Graduated moisture content of —— the indicated core thicknesses, higher temperature is quicker bonding time and 
pres- glue -1/5-in.-—— ——-1/, in.-—-— ———!/2 in, ——— consequently larger press output, providing that 
sure, line,  0-1% 7-9% 13-15% 0-1% 7-9% 13-15% 0-1% 7-9% 13-15% 

min in. —————-—-——-Glue-line temperatures, F———-——-——— . color factors are not involved. 


The data in Tables 1 and 2 are so uniform in char- 
acter that interpolations, within the limits of the 
table, may safely be made for other penetration 
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to be bonded in curved forms, it is often important 
to extend the pressure to a point of 5 to 10 per cent 
compression to insure adequate bond if the metal 
forms do not “nest” perfectly. 


* This table gives the glue-line temperatures at various time intervals under graduated 
moisture contents of the veneer, segregated by the various thicknesses of the outer and core 
veneers. The platen temperature was 300 F. The specific pressures used were 150 to 200 
b per sq in. luminum cauls !/i6 in. thick were — 
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A large majority of bonding operations in plywood assemblies 
are accomplished in 3 to 15 min, and plywood products that re- 
quire 20 min and longer are special items that are rarely made in 
substantial quantities. There are tests available, as shown in 
Table 4, on typical hardwoods and soft woods, giving interesting 
and valuable information as to the effect of heat, either with or 
without pressure, on the tensile strength of wood (14). It is 
apparent in birch that the strength loss is immaterial, and in pine 
there is an appreciable increase of strength. Therefore, there 
need be no anxiety that the structural strength of plywood is af- 
fected by the hot-pressing operations, at least within any prac- 
ticable time of bonding required for resin adhesives. 


TABLE 2 SPEED AND EXTENT OF HEAT PENETRATION AT 
VARIOUS PLATEN TEMPERATURES? 


Time Far- Graduated platen temperature at the indicated core thick- 
under thest 

pres- glue 1/3 in. Wei 
sure, line, 320 300 280 320 300" 280 320 300 280 


min in. Glue-line temperatures, F — 
2 307 280 277 300 273 257 280 260 £257 
3 317 293 280 310 £287 267 293 275 267 
4 320 297 ... 317 4=293 280 300 280 273 
5 3 320 207 ... 3307 277 
6 300 310 290 280 
7 314 293 
8 297 
2 307 273 267 293 264 260 270 254 £254 
3 320 287 277 303 280 £273 284 267 260 
4 320 293 280 310 287 #4277 290 277 270 
5 ‘ 297 317 293 280 293 284 273 
6 . 300 320 207 ... 300 267 27 
7 ‘ 300 ... 803 290 277 
8 307 293 280 
9 310 297 
2 i/s 267 257 247 257 237 234 244 227 227 
3 284 273 260 270 254 247 257 240 237 
4 297 284 267 284 264 254 273 254 247 
5 310 290 273 293 273 260 284 264 254 
6 317 293 277 #300 280 264 290 270 £260 
7 320: 297 280 310 287 270 293 277 264 
8 3 314 290 273 297 284 264 
9 317 293 277 300 287 267 
10 * 320 297 377 300 290 267 
12 ° 280 303 293 270 
15 ‘ - 807 273 


214 +211 211 200 177 «+2194 180 150 


10 314 280 264 293 277 251 2 270 247 
12 . 287 270 300 284 254 290 273 £250 
15 297 273 257 284 
20 267 257 
6 1/4 260 247 230 244 #«231 190 237 194 180 
7 270 254 240 251 240 205 244 204 «190 
8 277 «632 244 254 #251 220 251 214 197 
9 2 267 244 60 257 230 254 221 201 
10 290 273 247 264 2 240 257 227 204 
12 300 280 254 277 267 247 #267 234 210 
15 310 257 287 273 2 280 240 £221 
20 267 2 2 290 247 230 
25 277 270 300 254 240 
30 260 
35 267 
6 227 214 214 204 204 180 
7 234 221 227 214 214 194 
8 237 227 231 221 221 204 
240 231 234 224 224 211 
10 244 234 237 227 227 214 
12 251 237 244 231 231 221 
15 260 240 251 234 234 231 
20 275 257 260 247 240 237 
25 270 cis 260 247 247 
30 280 a 270 254 
35 aa 257 
40 ; 260 
50 270 
@ This table gives the glue-line temperatures at various time intervals 


under gradua platen temperatures, segregated by the various thicknesses 
of outer and core veneers. The veneers contained between 7 and 9 per cent 
moisture. The specific pressures _ were 150 to 200 lb per sqin. Alumi- 
num cauis '/js in. thick were 
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TABLE 3_ PERCENTAGE OF COMPRESSION IN PLYWOOD WITH 
GRADUATED PRESSURES IN THREE-PLY CONSTRUCTION AND 
VARIABLE MOISTURE CONTENT IN VENEER. PLATE TEM- 

PERATURE 300 F 


Veneer 
moisture Specific pressures, lb per sq in. 
s content 1 0 20 250 
Construction per cent Percentage of compression 
Hardwoods: 
8 8.09 ... 10.00 
Oto 1 «3.00 3:20 
8/e-in. poplar.....sccceces 6.5 5.88 5.44 6.54 7.19 
14 7.63 10.35 15.05 27.70 
: Oto 1 2.36 2.34 2.14 
1/,s-in. basswood......... 8 5.02 7.65 7.25 
12 8.85 25.80 33.80 
Softwoods: 
0 to 6.56 
14 16.05 29.60 32.10 


TABLE 4 INFLUENCE HEAT TENSILE STRENGTH 


F PLY 
Specific Time’ Tensile strength, lb per 
Veneer pressure, under sq in. 
: thick- lb per heat, Before After 
Species _ ness, in. 8q in. min heating heating® 
Birch 5/64 0 45 8160 8130 
Birch */i98 143 15 9085 8963 
Pine 5/64 0 45 5820 7130 
Pine 5/e4 143 20 6760 7055 


_% Tests made on European wood by Gerngross at the Technical Univer- 
- of Berlin at Charlottenberg. Results published in Sperrholz, 1930, p. 


> Wood heated to a temperature of 284 F, 
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Fig. 12 TremMPERATURES ATTAINED Various PLATEN TEM- 
PERATURES AND PENETRATION DeptHs DuRING DIFFERENT PRES- 
SURE PERIODS 


EFFicient Cure or Resin ADHESIVES 


The data so far presented supply information that is funda- 
mentally necessary in the use of any hot-press adhesive. These 
resin adhesives, although all belonging to the large group of syn- 
thetic resins, possess many individual characteristics, and only a 
relatively small number have been developed and found useful 
for plywood bonding. Therefore, it is necessary to determine the 
most efficient bonding (or curing) conditions for any particular 
resin adhesive under consideration. Not only must the most de- 
sirable conditions be established, but the tests must go far enough 
to indicate the limiting conditions for a good bond, beyond which 
it becomes hazardous and subject to failure. 

In order to illustrate the type of information required for the 
successful use of any resin adhesive, the data recently developed 
for a phenol-formaldehyde resin film,‘ will be outlined as a model. 
This particular resin adhesive is the principal type and form used 


4 Tego Resin Film, made by the Resinous Products & Chemical 
Co., Inc., Philadelphia, Pa. 
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in the plywood industry at the present time, and due to its exten- 
sive use in more than a dozen plywood factories in the United 
States for the last three years, its behavior is more thoroughly 
understood than any other type. (17) A similar series of tests 
should be made for any other resin adhesive it is desired to use, 
but the details may vary, due to individual characteristics. 


Resin-Fitm Data 


There are four principal variables that are necessary to con- 
sider fundamentally in the use of this film as a plywood adhesive. 
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Fie. 13 VARIATION oF PLywoop SHEAR STRENGTH WITH TEMPERA- 
TURES 


These are: (a) The temperature at the bonding line, (b) the time 
under full pressure, (c) the specific pressure® per square inch of 
plywood area, and (d) the moisture content of wood layers. 

The first two items are closely related, i.e., equally satisfactory 
bonds may be secured with lower temperatures and longer time 
intervals, or with higher temperatures in shorter intervals. The 
third item is largely dependent on the compressibility of the least- 
dense wood layer used and therefore is more narrowly predeter- 
mined than the other variables. However, its effect is impor- 
tant. The fourth variable, due to the time required for heat 
penetration through wet wood shown in Table 1, should be as low 
as is adequate for a satisfactory bond. 

A convenient form of assembling this bonding information is 
given in Table 5. The three variables shown in this table are 
time, temperature, and moisture content. While less important, 
another similar study could be made substituting specific pres- 
sures of 100, 150, 200, and 250 lb per sq in. instead of the 
moisture-content variables in the left-hand column. In this case 
the most favorable moisture content range should be used, and 
several species of veneer woods would need to be explored. It 
should also be kept in mind that shear tests will vary with the 
different species of wood veneer, i.e., basswood will shear at a 
much lower value than birch and the break will show much more 
wood failure; this is always an important feature in evaluating 
the strength of plywood adhesives. 

The veneer construction used for shear tests reported in Table 


§ The term ‘‘specific pressure” refers to pressure on the veneer or 
plywood, as contrasted with pump or piston pressure. 
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Fie. 14 VARIATION oF PLywoop SHEAR STRENGTH WITH MoisTuRE 
CONTENT OF VENEERS 


5 is three-ply, */1s-in. birch, since this is the standard suggested 
by the Forest Products Laboratory at Madison, Wis., accepted 
and used in the specification for the aircraft of the U.S. Army 
and Navy. The shear tests were made in a Riehle machine, il- 
lustrated on page 65 of “Gluing of Wood” (4). The shear tests 
were made on wet samples after 30 min boiling, as this is the most 
comprehensive test for plywood under adverse conditions. The 
objection to testing dry samples before or after boiling is the vari- 
ability in tensile strength of wood due to uncertain moisture con- 
tent after removal from the hot press or after redrying the boiled 
samples. Plywood is much more brittle when dry than when 
wet, and it is the purpose of this test to place the most strain on 
the adhesive bond, which can best be done when wood is in its 
toughest condition. 

The data given in Table 5 are plotted in Figs. 13 and 14, the 
former being a plot of all the temperatures at a given moisture 
content, while the latter is a plot of conditions at each tempera- 
TABLE % BONDING TIME AND SHEAR STRENGTH OF PLY- 

OOD AT VARIOUS PLATEN TEMPERATURES?* 


Moisture 
content 
of the 
veneers, tures, F 2 + 6 8 10 12 15 


20 25 30 


Net bonding time, min 


per cent ————_——Shear strength, lb per sq in. 
lto 3 220 0 0 0 0 0 0 0 0 0 0 
240 0 0 0 0 0 0 0 0 0 0 
280 230 270 275 280 280 ... ... 
300 270 285 280 295 290 
7to 9 220 0 0 0 0 0 0 180 240 310 320 
240 0 0 0 130 180 280 305 360 380 ... 
260 0 140 220 260 310 310 390 400 
280 140 280 320 360 380 ... ... ... 
300 250 300 350 360 380 
13 to 15 220 0 0 0 0 0 0 140 245 250 320 
240 0 0 0 0 0 255 300 320 340 ... 
260 0 190 240 255 300 340 400 
280 0 190 260 270 300 
3 280 340 350 360 


00 0 
320 260 330 370 380 390 


® Test conditions: Specimens of three-ply */1e-in. birch tested wet after 
30 min boiling. Specific pressure was 250 Ib per sq in. 

O indicates negligible shear-strength values. 
no appreciable increase in shear strength with longer time in- 

Note: An arbitrary allowance of one additional minute was allowed for 
absorption of heat during loading, closing, and raising pressure. This is 
estimated to be required in factory operation. 
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ture stage. The shear-test values shown as ordinates in these 
two figures are those obtained after a boiling test of one-half hour 
and while the samples were still wet. A shear value of less than 
275 lb per sq in. is considered distinctly inferior, and those por- 
tions of these figures representing values below 275 lb per sq in. 
are shaded. It is obvious that the best results are secured from 
plywood made from veneers with a moisture content of between 
7 and 9 per cent. It will be observed from these figures that 
while satisfactory bonds can be secured with dry veneers of be- 
tween 1 and 3 per cent moisture content, they lie in a narrow 
zone between 275 and 300 lb per sq in. and are erratic. It is also 
seen that good bonds are obtained with veneers having a moisture 
content between 13 and 15 per cent, but that they are not as good 
as with veneers having a moisture content between 7 and 9 per 
cent. Thus it appears that safe bonds are obtainable at both of 
the higher moisture contents, with an advantage around 8 per cent 
but no serious disadvantage as high as 14 per cent. Lower tem- 
peratures, i.e., 220 and 240 F, show negligible results. However, 
the bond improves definitely as higher temperatures are used. 
So-called ‘knife tests,’ used by many in the industry, are quite 
unreliable because the direction of the wood grain is of considera- 
ble importance, and occasionally this test may be used unfairly. 


CONCLUSION 


Much remains to be done in the field of hot-pressing and resin- 
adhesive technique, but unusual progress has been made during 
the three years that resins have been recognized in the domestic 
plywood-manufacturing field. Much credit is also due to the 
pioneers in foreign countries who have been practicing these arts 
for more than ten years. 

Authorities in the industry consider that these new types of 
plywood adhesives are one of the, if not the, outstanding develop- 
ment in the plywood field during the last 25 years. 
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European Progress in Hot-Press Bonding of 
Plywood in the Last Ten Years 


By L. M. C. WEGNER,' CHICAGO, ILL. 


After describing briefly the production of plywood by hot- 
gluing from undried and dried veneers, the paper narrates 
the progress made in the last 15 years by European ply- 
wood manufacturers. This advance, says the author, is 
the result of the publication of articles in the technical 
and trade journals, cooperative research by press and glue 
manufacturers, shortage of raw material, and develop- 
ment of new bonding processes that required greater ac- 
curacy. Resin films are credited with improvements that 
have been made in equipment and accuracy of working. 
Column-type presses have been replaced by the so-called 
compensated or side-plate machines which can be guaran- 
teed not to exceed a maximum deflection under full load of 
0.0015 in. Heating of presses by steam has been replaced 


O THAT no misconception may arise, it is necessary to stress 
S at the outset that the product offered and sold commercially 
as “plywood” in Europe, is not always identical with that 
sold in this country. A considerable supply of plywood as sold 
in Europe would, in this country, be termed “half-finished.” 
European furniture factories apply faces and backs in their own 
shops and frequently add another pair of crossbands to panels 
delivered from the plywood factories. A number of factories 
in England and Holland are engaged in nothing else but gluing 
fancy face veneers and the corresponding balancing backs to 
standard panels purchased from Eastern European plywood 
factories for use in the English market. 
Before the advent of resin-film adhesives, such panels had 
to undergo a further gluing process with wet glues which neces- 
sitated using comparatively water-resistant glues. The hot- 


1 Consulting Engineer. Mr. Wegner was educated at the Tech- 
nical College of Mittweida and the Technical Universities of Darm- 
stadt and Karlsruhe and was an assistant to Prof. J. Teichmueller at 
the latter university. After working for the Allgemeine Elektrici- 
tatsgesellschaft at Berlin, he accepted the position of manager at the 
Darwin & Millner steel factory in Sheffield, England. He returned 
to Germany as technical representative of Thomas Firth & Son, 
Sheffield, serving further as consultant in introducing duralumin to the 
European market. During the World War, he was stationed at the 
Ordnance Works in Spandau for three years with the rank of captain, 
became director of the associated veneer-press manufacturers follow- 
ing the cessation of hostilities, and was a director of Otto Pieron, 
veneer-press builder at Bocholt-Berlin until 1924. He was a con- 
sultant in the building of veneer and plywood machinery and the 
fabrication of plywood for various companies and, as consultant for 
Goldschmidt, Essen, had an important part in developing the first 
resin glues. In 1935, Mr. Wegner came to the United States to 
continue his work in the field of veneers and plywood. He has 
written several articles for technical and trade magazines in Germany 
and this country and is the author of ‘‘Furniere und Sperrholz,” a 
handbook on plywood and veneers, which was published in Germany 
in 1930 and 1931. 

Presented at the Meeting of the Wood Industries Division of THE 
AMERICAN Society oF MECHANICAL ENGINEERS, held at Grand 
Rapids, Mich., October 8-9, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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with hot water under high pressure, and an electric heat- 
ing plate that was developed in 1925 is described. New 
applications of plywood to the production of tennis-racket 
frames, barrels, structural shapes, and straight blocks or 
curved material having from 45 to over 70 plies are com- 
mented upon briefly. Restrictions upon importation of 
certain hardwoods into some countries has led to develop- 
ment of multilaminated substitutes, which would not have 
been possible, in the author’s opinion, without the prog- 
ress that has been made in hot-gluing. Development of 
cold-setting resin glues in the last four years is also com- 
mented upon, the point being stressed that different 
manufacturing methods and equipment must be used 
before the process will offer serious competition. 


pressing process offered, therefore, greater possibilities in water 
resistance as well as in greater uniformity in thickness of the 
products. European panels delivered in such form that addi- 
tion of further layers or veneers is not required are specified 
only for minor uses or for exact technical purposes. 

For a long period, European factories delivered their panels in 
standard sizes, ranging from 4 X 5ft up to6 X 16 ftor7 X 12 ft. 
Eastern countries, limited to domestic logs of smaller diame- 
ters, seldom offered sizes larger than 5 X 7 ft. They also made 
a number of smaller sizes required for the substantial quantity 
of plywood for tea and rubber chests, shipped via London to 
the Far East. The depression encouraged plywood factories 
of other countries also to produce smaller sizes, particularly 
when political conditions in Europe curtailed importation of 
foreign colonial logs of larger diameters, with its resulting handi- 
caps. 

Although the greatest improvements have been attained by 
producing plywood made from dried veneers, the comparatively 
large quantity of plywood still produced in Europe from undried 
green veneers and sold all over the world makes necessary a 
brief mention of this process and the equipment used for it. 


Piywoop Propucep sy Hot-Giuinc UNpRIED VENEERS 


Production of hot-glued plywood, on the Continent, on a 
manufacturing scale goes back to the beginning of this century. 
The first plants were built in Russia for producing cheap box- 
grade plywood from undried alder and birch veneer. Glues 
were prepared from fresh blood, blood albumin and later casein 
and mixtures of both in an alkaline solution made usually with 
hydrated lime. Hydraulic hot-plate presses were used. The 
green veneers were laid up principally in three-ply, sometimes 
in five-ply, and from 8 to 12 of such panels were giued in each 
opening of hydraulic presses, which usually had 15 openings. 
Pressures were approximately 350 to 430 lb per sq in. and tem- 
peratures varied between 215 to 250 F. The panels remained 
in the press for 40 to 60 min depending upon the thickness of the 
veneers and the number of panels per opening. After the glue 
set, the panels were removed and cooled for a short period and then 
were dried and flattened in hydraulic drying presses having up 
to 29 openings. Only one panel was inserted in each opening 
at the same temperature as before, but under a much lower pres- 
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sure; the pressure being approximately 4'/. to 7 lb per sq in. 
Obviously, the green veneers, when held under pressure in 
the gluing press, could not shrink across the grain, and, being 
cross-banded, the subsequent redrying developed numerous sur- 
face checks and cracks. However, the quality obtained served 
the purpose. 


Fie. 1 PLywoop Press THAT OPERATED IN GERMANY 
From 1912 To 1935 


In Russia, Poland, and part of Latvia, the same equipment 
is still in use. Some factories have replaced the drying press 
with the so-called hot-plate mechanically driven breathing 
presses which are similar to those used in the United States for 
redrying veneers. Instead of cast-iron heating plates, solid 
rolled-steel plates that are bored for the circulation of steam, 
in the same manner as modern hydraulic presses, are used. 
Some modern plants are now using kilns and modern drying 
machines for this redrying. 

A considerable quantity of plywood, received today from Rus- 
sia, Poland, and Latvia, is still manufactured in this way and 
used for similar purposes as the cheaper grades of southern United 
States plywood and the standard Douglas fir plywood of the 
West Coast. This imported product still offers advantages 
when compared with the domestic product of a relatively mois- 
tureproof glue line if blood-albumin glue is used, and a rela- 
tively moisture-resistant glue line when glued with casein, or 
with a mixture of casein and blood albumin. 


Hor-Guvuinc or Driep VENEERS 


With the exception of two or three Scandinavian plywood 
factories, hot-pressing was the rule in other European factories. 
Furniture shops used cold-pressing with casein glues for a long 
period until the larger factories changed to hot-pressing. A 
large factory in Italy tried manufacturing plywood on a substan- 
tial scale with cold-gluing but soon discarded it in favor of hot- 
gluing. Some reasons for the superiority of the hot-gluing proc- 
ess and the concentrated efforts in its development are pointed 
out later. 

After Russia had met with success in hot-gluing, experiments 
were carried out with plywood for interior paneling. Carefully 
dried cores, crossbands and veneers, prepared according to old 
handicraft experience, were glued on a hydraulic hot-plate press 
with hide or bone glue which was used exclusively in furni- 
ture and fixture shops up to that time. The presses were 
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built to the same specifications as those used for gluing green 
veneers, but provision was made for cooling the glued product 
before releasing the pressure by adding devices that alternately 
heated the plates by steam and cooled them by water. Fig. 1 
shows a hydraulic press of this type which was built by the 
German Niles Works, was installed about 1912, and operated 
until 1935 at Altenessen, Germany. This, being one of the 
first hot-plate presses installed for gluing dried veneers, has 
heating plates of 56 X 175 in. with 14 openings. Low efficiency 
caused by the necessity for heating and cooling the steel plates, 
each weighing approximately 5700 lb, paved the way for sub- 
stituting casein and blood-albumin glues, which had proved so 
successful in gluing green veneers and did not require cooling 
of the plates. This change in type of glue increased the pro- 
duction three- to fourfold. 

Since 1914, these glues have been used extensively in Europe 
for ordinary plywood panels. Their use has been greatly cur- 
tailed wherever political conditions have prohibited importa- 
tion of the raw material necessary for their manufacture, thus 
opening the field for the latest improvements in adhesives, resin 
glues and dry-glue films. 


Tue BATTLE FOR PROGRESS 


Up to about fifteen years ago, with rare exceptions, few scien- 
tifically trained men were employed in the European plywood 
industry. The foreman guarded his “secret’’ glue mixture most 
assiduously and was king of all he surveyed. Attaining some 
success, despite his empirical experimenting, he seldom was 
able to recognize the logical reasons underlying his success, 
and, when conditions were changed, trouble frequently ensued. 
Improvements in technique were difficult to accomplish, conse- 
quently when new factories were built they generally were ex- 
act copies of earlier installations where the secretive foremen 
originated. Research was not encouraged by the plywood 
industry, since it despaired of losing its secret formulas. Shops 
were far behind in equipment, management, and efficiency, com- 
pared with the rapid progress made in the chemical and metal 
fields. No technical school where the subject of plywood manu- 
facture was taught in a technical way existed. This problem 
was finally solved by the following methods: 


(a) Articles in technical periodicals combating the so-called 
secrets of the foreman. 

(b) Articles outlining the possibilities that plywood offered, 
not only for furniture, interior paneling, and the like but also 
for technical purposes, showing that plywood could be produced 
according to exact specifications that are much more rigid than 
for general uses. 

(c) Research work undertaken by independent experts and 
by press manufacturers in cooperation with glue manufacturers. 

(d) Scarcity of raw material forced greater economy in produc- 
tion of veneers and therefore greater yield. 

(e) Development of new bonding processes requiring increased 
accuracy. 

(f) Competition of other raw materials in the field where 
plywood formerly predominated. 


Being alone in this field of research at the time, the author 
became rather unpopular when he started publishing a series 
of articles in 1921 in the Wirtschaftliche Technik dealing with 
construction of plywood machinery and the conditions it had 
to meet. However, the success of the first logical suggestions 
of using machine controls, which had been in general use for 
some years in other lines, for the most important steps in hot 
gluing, reduced the opposition of the producers and finally led 
to a moderate cooperation by the more progressive manufac- 
turers. The industry as a whole, represented by its association, 
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as late as 1934, fought vigorously against real progress and 
publication of results, frequently exhibiting a deplorable lack 
of technical and chemical knowledge. The trained engineer 


. found his principal opportunity in plywood as a construction 


material. Technical handbooks, in editions prior to 1932, sup- 
plied little information on plywood, which the engineer and 
draftsman should know before he can seriously consider it as a 
construction material. In 1926, the author addressed the 
Verein zur Foerderung des Gewerbefleisses, which was com- 
posed of highly trained technicians in leading positions of in- 
dustry and administration, showing what had been accomplished 
and what further progress could be made if they would cooper- 
ate. Use of plywood for patterns in foundries originated at 
such an occasion, although about seven years passed before all 
difficulties were overcome. Details are published in the book 
“Furniere und Sperrholz’”’ (5).? 


DEFINITION OF CONSTRUCTION PLYwooD 


For a technician to find a construction material that had 
been on the market for years and was not technically defined 
was a peculiar situation. Every one knows what is meant by a 
sheet of iron, copper, brass, aluminum, and similar materials. 
Industry has developed certain standards for strictly defining 
also the different qualities for such material. 

The definition for plywood given in the recent edition of the 
Wood Handbook (9) issued in 1935 by the Forest Products 
Laboratory does not describe plywood adequately from the 
technical point of view. The author endeavored to remove 
the uncertainty that existed up to about ten years ago by de- 
veloping a proper definition. It must be realized that all ply- 
wood consists of glued-up veneers with crossed grain but all 
veneers so glued up do not form plywood. The first technical 
definition for plywood was published in 1927 in the Zeitschrift 
des Vereines deutscher Ingenieure, Berlin (1) which reads in 
the translation of R. L. Davison of The Pierce Foundation as 
follows: 


Correctly speaking in order to be called plywood the veneers 
or wood elements must be bound together with adhesive in such 
a way that it is practically impossible for the individual elements 
to change their dimensions and the panel to change its shape, 
due to changes in moisture content or temperature, provided the 
panel as a whole is subjected to those moisture and temperature 
changes. 


Obviously assembly of veneers into a plywood panel, from 
the static point of view, must be arranged and proportioned in 
such a way that, after bonding the layers with glue, a well-bal- 
anced plywood product will result. C. B. Norris has just pub- 
lished a series of articles in the Hardwood Record (14) dealing 
with the latter question. The problem faced here is more diffi- 
cult than with other raw materials because wood shows, even in 
thin veneers produced from the same log, considerable difference 
in physical structure and, therefore, also in strength and reac- 
tion against moisture. It is scarcely necessary to emphasize here 
how important it is to make the single layers forming plywood 
of as even thickness as possible. 

The first step was, therefore, to improve the veneer-cutting 
machines, lathes, and slicers. In Europe, the aim was not so 
much to obtain mass production but first of all to improve the 
quality, avoiding excessive checks on the loose side (inside of 
log) and to cut the veneers with unusual uniformity. Beginning 
about 1930, lathes were offered on the market, in which low 
tolerances for variation in veneer thickness were specified. This 
precision was necessary for producing quality panels and indis- 
pensable for thin plywood panels, such as three-ply with total 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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thickness of '/25 in. for aviation purposes as well as for still thin- 
ner panels that were glued flat and later molded into formed 
shapes by deep drawing like metal sheets, as for example, for 
cigarette boxes and similar containers. Although developments 
in cutting veneers and constructing panels in a technical way 
are closely connected with the topic considered here, these de- 
velopments and also methods of utilizing veneers in the manu- 
facture of plywood to avoid waste will be discussed in separate 
papers. 


Resin Firms Arrect EquirpMENT IMPROVEMENT AND WORK 
ACCURACY 


The European market is accustomed to hot-pressed plywood 
panels, offering, even in low grades, a certain water resistance 
in the glue line. The few Scandinavian shops which still imi- 
tate the American method are negligible. For the best quality 
in aircraft work, not only for wing covering and cabin construc- 
tion but also for structural parts and propellers, an absolutely 
water-, moisture-, and fungus-proof adhesive is specified. Ex- 
perience has shown that the progress made in meeting these 
rigid demands has forced similar advancement in manufacturing 
process for average commercial plywood, thus raising its quality 
level without necessarily increasing its cost. These rigid de- 
mands require quality in the glue line as well as strength and 
uniformity in the finished product. These exacting conditions 
can be met by utilizing wood elements most intelligently, proper 
structural design, controlling moisture content, and efficiently 
managing the factors responsible for success in pressing and 
gluing. 

One of the most difficult factors to control is the influence of 
glue moisture. Wet casein and blood-albumin glues are usu- 
ally prepared for hot gluing, according to the quality of glue 
line desired, by mixing dry casein or blood albumin with lime 
and water in the weight proportion of dry material to liquids, 
as 1:4 or 1:5, and for inferior quality, 1:6. At some factories 
attention is given to varying the glue mix according to veneer 
thickness, but one standard of glue mixture is the usual rule. 
As glue moisture content is approximately constant per square 
foot of spread, absorption and swelling will vary in thick and 
thin veneers. Drying veneers as much as possible to compen- 
sate for a possible excess in absorbed glue moisture has not 
proved satisfactory. Veneers which are overdried may cause 
breakage losses in handling as well as trouble in the finished 
panel. 

Some ten years ago the author, as consulting engineer for the 
first European firm to develop resin glues for wood, was con- 
fronted with the question of what would be the most suitable form 
for an ideal glue for plywood and veneers. Obviously, it should 
be in such form as to minimize or eliminate the treacherous 
glue-moisture problem. A dry glue film was the result and also 
solved the problem of an even spread in an ideal way and re- 
moved staining troubles. Such glue films to be economical must 
be thin. They show a thickness of 0.0037 in. Use of such films 
required more uniformity in the single wood elements and brought 
about the introduction of an improved planer for lumber cores 
besides several improvements in veneer-cutting lathes. It 
necessitated reliable control of moisture content of the veneers 
and gluing temperature, time, and pressure as well as greater 
precision than had been customary in the construction of hy- 
draulic hot-plate presses. 

The wet-glue line of casein and blood albumin did not require 
such precision. It produced a glue bond even when the layers 
were not accurate in thickness. The liquid glues are squeezed 
into the free spaces between the veneer layers but such a vari- 
able glue line does not offer the same reliability as a glue line 
of uniform thickness. 
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Little experience was available as to what degree of accuracy 
was necessary for the different factors in pressing. The first 
research was done on a small laboratory press with plates 10 in. 
square. Results obtained in such small presses, although dis- 
closing fundamental knowledge of the influence of these factors, 
could not always be transferred to larger areas in factory pro- 
duction. Research workers soon discovered that repeating such 
experiments on larger laboratory presses was often necessary. 
Work of this kind could not be accomplished in plywood fac- 
tories partly because of disturbance to regular production, 
partly by the fact that most factories were antagonistic to im- 
provements, and lastly because few of them had hot presses 
that were precise enough to determine critical factors. 

The opportunity of combining such gluing experiments with 
research work on press construction induced the most experi- 
enced European press builder, Josef van Huellen, to cooperate 
and place his test shop and large presses at the author’s dis- 
posal. These experiments not only resulted in a confirmation of 


Courtesy of Backer ond van 
Fic. 2 Coutumn-Type Hot-Puate Press 


(Special features of this press, which is installed at Elbing, Germany, are 

the diving-tube system connecting the steam manifolds and the heating 

plates, the heavy structural head, and the table, which is also of heavy struc- 
tural construction and is equipped with a long column guide.) 


results previously obtained on laboratory presses but also led 
to a series of new press designs and control devices which 
revolutionized the technique of hot pressing and revealed new 
opportunities for plywood products. Guarantees that were 
previously given for plywood presses were generally confined 
to a safety factor of 6 against breakages, to obtaining the re- 
quired temperature on the plate surface, and to securing a stated 
specific pressure. 

Too little attention was previously paid to equal distribution 
of pressure and even less to avoiding deflection in the plates. 
This lack of precision, the uneven thickness in wood elements, 
and the uncertainties of mix and spread of glue and incorrect 
panel design had, for years, prevented a more extensive use of 
plywood. The necessity for obtaining a reliable glue bond 
with resin film was found to require accuracy in preparing the 
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Fic. Frame-Type Hypravutic Press INSTALLED AT LISSONE, 
ITALY 
(In this press, the table is guided by the inside of the frame.) 


Courtesy of Becker and van Huellen 


Fic. 4 Hypravutic Hot-PLtate Press WITH 
Sipe PLaTEes 


(This press, which is installed in a German airplane-plywood factory, is 

characterized by the use of only one ram, heavy construction and careful 

guidance of the large-size table on the outer edges of the side plates, slidin 

valves for controlling the temperature in individual heating plates, an 

special steel cooling plates between the press head and table and the adja- 

cent heating plates, which are insulated from the cooling plates by a layer 
of heat-insulating compound.) 
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wood elements, in controlling the moisture, in pressing, and in 
temperature and resulted in mechanical improvements in all 
these lines. As soon as these improvements were recognized as 
securing higher quality and efficiency, not only with resin film 
but also with other glues, the way was opened for rapid progress 
in modernizing plywood plants. 


ImpRoveD Press CONSTRUCTION 

Conventional presses were of the column type as shown in 
Fig. 2. Later, frame presses, Fig. 3, were developed. Neces- 
sity for avoiding the bridging effect, at least on the long side, 
without making the presses excessively heavy, finally resulted 
in the so-called compensated or side-plate presses, an example 
of which is shown in Fig. 4. 

The design problem of securing uniform pressure could not 
be solved by proper dimensioning, accurate machining, and 
careful erecting alone but was found to require adequate com- 
pensation in all metal parts against the influence of the higher 
temperature, 310 F and more, in the heating plates. Placing 
sheets of .asbestos or plywood between press platens and adja- 
cent heating plates, the insulating methods previously used, 
proved to be insufficient. Allowing expansion of press parts 
by transferred heat, to avoid thermal stresses, did not solve 
the problem sufficiently either. Even with new presses, deflec- 
tion in the press platens, especially the press table, caused glue 


Courtesy of Becker and van Huellen 


Fic. 5 Sranparp Hypravutic Hot Press 


(Heavy press-table guides that are provided to meet conditions which exist 

during uneven loading and installation. On top of the frame a pressure- 

medium tank and the rotary and piston pumps that close the press and 
develop the high pressure, respectively, are features.) 


failures. The insulating sheets, either asbestos or plywood, 
wore out quickly due to unequal expansion and contraction 
between heating plates and adjacent platens. New effective 
insulating layers were designed providing the necessary resistance 
against pressure, temperature, and wear. These were com- 
posite panels built up from bakelite or other resins, asbestos- 
cement, or similar material. A patented construction was 
finally developed, which provided, in addition to such insulating 


WEGNER—EUROPEAN PROGRESS IN HOT-PRESS BONDING OF PLYWOOD 


73 


layers, steel plates that were similar to the heating ones, but were 
cooled by a constant stream of cold water. These were placed 
between the press platens and the insulating layers which, while 
still in the plastic state, are inserted during erection of the press 
and cured under full pressure, thus compensating for those 
minute irregularities that are unavoidable in machining. Regu- 
lation of temperature of both platen and cooling-water gives 
the compensation control that is essential. 

Most European press factories use pure water with an added 
water-soluble emulsion as the pressure-transmitting medium in: 
hydraulic presses. Oil has been abandoned for several years. 
because of difficulties in obtaining gaskets that will maintain 
their tightness, in the long run, against thin oil under pressure. 
The greater heat expansion of oil as compared with water is- 
also troublesome. Furthermore, sensitive automatic control 
for maintaining a constant pressure necessitates using a press: 


Fic. 6 DrtaGram or Mertat-For. E.Lectricat HEATING SYSTEM FOR 
Press PLATES 


medium of uniform consistency, which can be filtered automati- 
cally at every circuit. 

Nearly all factories producing high-class airplane plywood 
are provided with such compensated presses under a guaranteed 
maximum deflection, not exceeding 0.0015 in. at fullload. Such 
precision requires not only better workmanship in construction, 
but also higher-class steels and bronzes, as well as better valves, 
regulating devices, and the like. As machine shops became 
properly equipped, the difference in manufacturing costs be- 
tween modern accurately built and older-style presses was 
found to be not so great, so that, for less exacting work than air- 
plane panels, the cost of improved presses was only slightly 
higher than that of the older types. At present, the majority 
of plywood presses built by the better European factories are 
made only in the improved type. 

Necessary quick closing of presses is effected in different 
ways. Presses with many openings and comparatively few 
heavy rams have at least as many booster as acting rams. Econo- 
mizing on the former proved to be dangerous and caused fre- 
quent breakages in the press head, especially if the press was 
left with unequal pressures on the plates. Rotary pumps are 
used for closing. Piston pumps, supplemented in larger ply- 
wood plants by air-hydraulic accumulators, are provided for 
developing high pressure. For smaller presses having from five 
to eight openings the multiple-piston press, shown in Fig. 5, 
has been developed. This has ten rams, arranged in two rows 
of five each, to distribute the load on the hydraulic side, but 
the best equipment builders also provided a rigidly constructed 
lower platen to make up for possible eventualities occurring 
with uneven loading. All such presses must provide for a wide 
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pressure range, partly because of variable requirements with 
different glues, pressure limits of different woods and panel 
constructions, and variations in glue area as compared to plate 
area. 

Until about five years ago European presses were generally 
heated by steam. Necessity for greater fuel economy as well as 
the advantage of lower boiler-plant investment developed the 
use of hot water under high boiler pressure as the heating medium 
instead. Not only the presses but also the driers and the water 
in the steaming or cooking vats are similarly heated. Water is 
returned to the boiler, pressure losses being made up by a high- 
pressure hot-water pump. Besides the fuel saving, this method 
reduces the difficulties with condensation pockets that result in 
unevenly heated plates, disposes of the condensate, and produces 
more uniform distribution of heat. A description of such heat- 
ing plants is published by H. Brandt (12). 

In 1925 an electric heating plate was constructed and patented 
in Germany by the Vereinigte Aluminiumwerke, Lauta, and the 
Hydraulic G. M. B. H. Duisburg in cooperation with the author, 
using as heating elements a thin metal foil of high electric re- 
sistance, cut to the shape shown in Fig. 6. This foil was glued 
with Tego film between two metal plates, aluminum or Lautal, 
using intermediate layers of thin aluminum foil with Goldal 
surfaces that were oxidized with nascent oxygen in an electrolyte 
with appropriate chemicals as insulators. This plate could be 
made rigid by using thick outside plates, or flexible by using 
thin outside plates. This invention was not particularly suc- 
cessful partly because of the high cost of electricity in Germany, 
partly because handling hot plates in laying-up panels outside the 
press was awkward, and partly because deflections were frequent 
and serious in all presses that were without rigid intermediate 
plates, as will be explained later when cold-setting resin glues 
are discussed. 

Improved design and manufacture of hot presses for veneers 
and pressing panels eliminated the hazards of uneven pressure, 
insufficient closing time, and uneven temperature as causes for 
poor workmanship in the finished product. This led to further 
research work, especially along the line of minimum gluing pres- 
sure, and developed economic gluing pressure standards for dif- 
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ferent woods and combination of various woods in the same 
panel. Some interesting results in this field were published last 
year by E. Mérath and H. Mertz (10). They are interesting 
in this country because they recognize and describe the peculiar 
behavior of walnut as a face veneer. This publication gives in- 
teresting figures concerning absorption of glue moisture by dif- 
ferent woods and indicates that Douglas fir, erroneously called 
Oregon pine, shows the best results with the least absorption. 


ContTROL oF Moisture CONTENT 


Accurately cut veneers, perfect design, the best adhesive, and 
the best press, when properly related, will not guarantee the 
best results, if moisture content of the wood is not properly 
controlled. Drying machines and devices are available, which 
allow evenly controlled moisture content when leaving them, 
but providing means for maintaining the desired moisture con- 
tent, until the veneers or lumber are laid up and inserted in the 
press, has been found necessary, which means, if possible, 
air conditioning of the shop. Modern European factories pro- 
ducing aircraft panels from birch or even beech under the 
severe specifications from German aircraft plywood have air- 
conditioned workshops. Most other high-grade factories try 
to control the temperature and moisture of the shops and keep 
them as uniform as possible. Means have also been developed 
to control the moisture content of the veneer while it is under 
heat in the press. 


New APPLICATIONS FOR PLywoop IN TECHNICAL LINES 


After having established necessary data for effective gluing 
with resin glues, a new field for plywood was discovered beyond 
well-known flat panels and limited ranges of bentwork. To 
give an example of the perfection thus achieved in machinery 
and processing, a hydraulic press is shown in Fig. 7, which is 
unlike the ordinary plywood press. It provides for the manu- 
facture of tennis-racket frames (11) built up from thin veneers of 
different woods, stored and conditioned in air-conditioned rooms, 
and glued with Tego glue film into a block that is sufficiently 
thick for 12 standard tennis-racket frames when cut apart on 
a circular gang saw. The block is visible in the press. 


ulerum Works, Ltd. 


Courtesy of F 
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Courtesy of Becker and van Huellen 


Fic. 8 BENDING Press FoR PrRopUCING PLYwoop IN 
CurRveED Forms 
(Position of rams can be varied, according to shape of the curved product 
to apply pressure perpendicularly to its surface.) 


Fig. 8 shows a simple bending press for producing laminated 
plywood in curved forms. The direction of the rams can be 
altered according to the shape of the product so that the re- 
sultant pressure can be perpendicular to any surface of the 
curved product, even though the angle between the tangent of 
the curved surface and the horizontal should be large. 

Special processes and presses have been developed to manu- 
facture sectional bars for structural purposes, such as angles, 
U-sections, and the like, from plywood. These are not only ex- 
ceptionally strong but their strength is also surprisingly uniform. 
Up to the present, engineers have made little use of such mate- 
rial. 

The well-known expert machine builder, Georg Schlesinger, 
constructed an ingenious machine that uses resin adhesives for 
gluing plywood barrel bodies of cylindrical shapes from single- 
ply veneers. This is the so-called barrel winding machine, also 
using hot-pressing, which is described in an article on cylindrical 
plywood barrel manufacture (8). In these bending processes, 
single layers are bent into shape before setting of the glue occurs. 
Bending flat glued panels in the cold dry state or when resin- 
glued after being steamed or boiled, is also possible and prac- 
ticable, but obtaining a stable shape is difficult, as such products 
often show a tendency to reopen. 

Another new field is the production of multilaminated ma- 
terial from thin veneers in hot presses having from 45 to 70 or 
more plies. Resin glues are exclusively used for that purpose. 
If thin enough veneers are selected, the resin will not only glue 


but also impregnate such veneers in the same operation. Several 
technical articles and reports have been written on this subject, 
principally by P. Brenner and O. Kraemer (4, 6, 7). For 
some products built of multilaminated veneers in the form of 
straight blocks or curved material, constructing special devices 
is necessary. The great distance between the surface of the 
heating plates and the innermost glue line requires a longer 
period, 25 to 45 min. or more. In such processes, controlling 
moisture content of the veneers during the whole press period 
is essential. These patented constructions also provide controls 
for the moisture content of face veneers when the product 
is released from pressure, thus preventing loss of moisture, def- 
formations, uneven compression, and similar defects. Lack of 
moisture control before, during, and after the pressing process 
is often responsible for uneven thickness and waviness of pressed 
panels and the underlying reasons are seldom understood by 
many. 


FURTHER SHORTAGE OF Raw MATERIAL 


Difficulty of importing certain hardwoods, such as walnut in 
sufficient quantity, into some European countries resulted in 
development of new substitute products that are superior 
in quality to solid wood. The previously mentioned multilami- 
nated blocks of veneers, bonded with resin glue, are an example. 
Some blocks are constructed with all grains in the same direc- 
tion, but even these offer a certain cross-banding effect because 
in a 50-ply block the grain of single layers never runs absolutely 
parallel. Regular cross-banding effects are also obtained by 
arranging the grain of adjacent layers crosswise with varying 
angles. Still another result can be obtained with several con- 
secutive sheets of veneer with parallel grain and intermediate 
single layers of veneer with cross grain. Thus wood blocks 
offering a construction material that is much superior to the best 
solid wood can be fabricated. The latter always is, and always 
will be, subject to irregular structural defects, frequently not 
visible from outside, and consequent variations in strength 
depending on the angle under which the load acts. Multilami- 
nated blocks are built up from thin veneers from which all 
defects can be cut out, as they are assembled from small strips 
by tapeless splicing not only edge to edge but also scarf-jointed 
end to end. 

Opportunity is afforded to obtain any proportion of strength 
in the different directions by laying up the veneers in the neces- 
sary layers with the grain running in the desired directions. 
These are not just interesting experiments but have led to prac- 
tical use. Such material need not be excessive in price, because 
raw material, which otherwise would be considered waste, can 
be used, and machinery is available to carry out the necessary 
processes efficiently. Machining of such blocks offers no great 
difficulty if the proper resin bond is used. Blocks glued with a 
resin film have been machined on a production basis without 
requiring more frequent sharpening of tools than when working 
solid walnut. 

Combination of metals with wood was developed in hot-gluing 
in the early 1920’s and received a new impulse through modern 
equipment and modern glues (15). 

Restrictions regarding raw material, which were recently im- 
posed upon European plywood-manufacturing countries, could 
never have been surmounted without the progress made in hot 
gluing in the last ten years. All German plywood manufac- 
turers are at present working to full capacity. Casein and blood 
albumin, which formerly were imported, are not obtainable for 
this purpose, and domestic supplies are required principally for 
food. Consequently, the German plywood industry is forced 
to use resin glues, the raw material for which is obtainable in 
sufficient quantities domestically. This compulsion is wholly 
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to their advantage since their equipment and working processes 
can be readily adapted to those adhesives that produce the high- 
est quality of glue bond. 

The necessity for exporting plywood in spite of all handicap 
forces manufacturers to improve their processes to such an ex- 
tent that the finished product can still compete in price, not- 
withstanding its better quality. From 25 to 35 per cent of Ger- 
many’s total production is still exported which forces competing 
manufacturers of other countries to improve their quality like- 
wise and results in still further progress. The fact that builders 
of plywood machinery in Germany have capacity orders affords 
substantial proof of this condition. 


Resin Gives 


Before closing, a statement regarding cold-setting resin glues 
that were developed in Europe about four years ago is in order. 
That they have never reached the quality of glue bond obtainable 
with hot-setting resin glues is well known. Even if a cold- 
setting resin glue could be developed with ideal bonding strength, 
both in dry and wet tests, its application in the existing cold 
presses would not result in a product equivalent to the hot- 
bonded resins. 

In cold-pressing, panels must be laid up in bundles from 24 to 
30 in. thick to be pressed simultaneously. By contrast in hot- 
gluing, one or two panels only are placed between a pair of rigid 
steel heating plates. After being set under pressure in cold-press- 
ing, retaining clamps are tightly screwed on opposite sides of 
each bundle between I-guides which are placed above and be- 
low two thick lumber panels that act as top and bottom sup- 
ports. Then the bundles are removed from the press and stored 
for several hours until the glue secures its initial set. That equal 
pressure and thickness will result is not certain because of differ- 
ences in wood structure and varying resistances against com- 
pression. A little research will reveal that only part of the 
pressure applied by the press is really retained in such a bundle 
due partly to lack of uniform placing of I-beams, their distance 
apart, and stiffness of the outer lumber panels, as well as to the 
fact that the setting of the glue line decreases the thickness of 
the bundle. The theory that swelling of veneers through ab- 
sorption of glue moisture compensates for shrinkage has been 
proved to be wrong if properly mixed glue is used. Increasing 
the glue moisture, which has to be removed later, simply for the 
sake of increasing the swelling would be of little advantage. 
Such a procedure would cause further trouble by increasing un- 
even thickness of the panels. 

Experiments carried out in 1923 on blocks glued with 1:4 
casein cold glue for producing pine lumber cores laid up with par- 
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allel grains showed that in 24 hr the pressure dropped to about 
20 per cent of that originally applied in the hydraulic press. 
It is doubtful whether present cold presses, which are built 
for approximately 70 to 100 lb per sq. in. pressure, will leave 
enough pressure in the bundles, after removal from the press, 
to justify use of a high-class resin glue, which usually requires 
higher specific pressure than the conventional starch products. 
Increase of pressure means sturdier presses, much heavier re- 
taining devices, and conveyors of greater capacity. 

Use of a cold glue in present equipment to compete with hot- 
pressed resin-bond plywood, without offering the quality that 
should always be connected with panels of the latter type, will 
seriously discredit the progress achieved and will definitely re- 
strict further progress and more extensive use of plywood for not 
only conventional but also for technical purposes. 
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Discussion 


Modern Locomotive and Axle- 
Testing Equipment’ 


W. F. Kieset, Jr.? The authors report on weight reduction of 
locomotive reciprocating parts through the use of chrome- 
nickel-molybdenum steel and refinement of design. The steel 
has a strength ratio of 7.9 as compared with a strength ratio of 
5 for carbon steel. The feature of special interest in refinement 
of design is the tapering of the rods toward the ends, which, to- 
gether with the novel design of rod ends, leads to greater safety 
against sidewise bending failures from which a number of rail- 
roads have suffered. 

The theoretical calculations have been coordinated with those 
of authorities on the subject and carefully checked with elaborate 
tests made generally, on full-size samples. The stresses allowed 
are conservative but, even so, it is shown that the weight of re- 
ciprocating parts may be reduced as much as 50 per cent. 

The A.A.R. rules for main and side rods are for speeds up to 
420 rpm, which for drivers 80 in. in diameter is 100 mph. Since 
at this time there is a general demand for higher speeds, these 
rules require amendment to control safety at speeds exceeding 
420 rpm. Henderson’s rule (weight of locomotive divided by a 
constant) is the one most generally used to determine the amount 
of reciprocating weight that may be left unbalanced. The con- 
stant commonly accepted is 360 for freight locomotives and 400 
for passenger locomotives. It would seem desirable to substitute 
a variable for this constant making it equal to the maximum revo- 
lutions per minute for which the locomotive is designed. 

To protect the rails and roadbed, the dynamic augment at 
maximum design speed should not exceed 60 per cent of the driver 
weight on rail. Thus, for a weight on rails of 70,000 lb per pair 
of drivers, a counterbalance for reciprocating parts should 
not exceed 100 lb per wheel effective at the periphery of the 
wheel for 420 rpm, and 64 lb for 525 rpm. 

To visualize clearly the necessity of lighter reciprocating 
weights, the designer might jot down some preliminary counter- 
balance-speed figures. Take, for example, a Pacific-type loco- 
motive weighing 285,000 lb, 70,000 lb per pair of 80-in. drivers, 
and having a 28-in. piston stroke. 

On the previous assumptions, the reciprocating weights per 
cylinder must not exceed 360, 420, 480, and 540 rpm at 1973, 
1585, 1321, and 1130 lb, respectively, and preferably should be 
at least 10 per cent less. 

Locomotive designers are necessarily aware of the fact that the 
weight of reciprocating parts of some locomotives now running 
does not justify the speed they make. 

Hence, this description of research work conducted by the 
Timken Roller Bearing Company is most timely in presenting 
means for reducing the weight of reciprocating and revolving 
parts to achieve a conservative dynamic augment without inter- 
fering with the smooth riding of the locomotives. 


Joun E. Mun.tretp.* The paper emphasizes the importance 
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of reducing dynamic augment and the shaking forces of the loco- 
motive, due to rotating and reciprocating parts so that they 
will not be detrimental to the existing track structure at a given 
speed. They also point out that the reduction of dynamic aug- 
ment and shaking forces will reduce nosing and fore-and-aft- 
vibration, and will increase tractive power at high-speed opera- 
tion. 


RepuctTION oF DyNAMiIc AUGMENT 


While reduction in dynamic augment, so that it will not be 
detrimental to track structure, is an important factor, the 
writer believes that too much stress is being placed on dynamic 
augment and not enough on wheel diameters, unsprung dead 
weight, and wheel load at the rail. In July, 1905, the speed of 
“Death Valley Scotty’s” famous train, the Coyote Special, from 
Los Angeles to Chicago, on the Santa Fe, for several 10-mile 
stretches, such as from Speareville to Offerle, Kan., and from 
Norborne to Carrollton, Mo., averaged from 85 to 90 mph with- 
out any rail or track trouble. 

The dynamic loading increases with speed even though the 
wheel is perfectly balanced, but this dynamic loading is probably 
not very great, and is an entirely different proposition as com- 
pared with the dynamic effect of stresses in the rail. As high 
speed increases the dynamic loading, and in view of the increased 
braking action, it is. probably better for the wheel load to be 
limited to around 600 Ib, and not much in excess of 650 lb per 
in. of wheel diameter, as a maximum. Where wheels can be ob- 
tained with sufficient physical properties to sustain higher 
stresses, this may be increased to 700 lb per in. of wheel diameter. 
The difficulty in obtaining a wheel of sufficient physical proper- 
ties is, that with the higher physical properties, the hardness and 
the carbon content of the metal may be increased too greatly, 
thereby lowering the ductility to the extent that incipient frac- 
tures start, particularly when the wheel is overheated by heavy 
braking. The thermal checking of steel wheels and steel tires 
under the new high-speed trains, with a smaller number of wheels 
to carry the load and act as brake bands, is due to the tremendous 
amount of heat to be dissipated in a very short time. It is un- 
fortunate that the length of a single brake shoe cannot exceed 
one eighth of the wheel circumference, for if the length were in- 
creased a force perpendicular to the wheel tread would be less at 
the end of the shoe than at the center. 

To provide a good riding track, it must have a good surface 
when unloaded, or at rest, and it must depress uniformly under 
the wheel loads. A rail bearing pressure is the unit compressive 
stress of the rail surface at the area of contact of wheel on rail and 
the intensity of this pressure is determined by the diameter of the 
wheel and the wheel load alone, and it is not influenced by the 
axle spacing or the weight of the rail. 

Rail bearing pressures must not be confused with rail bending 
stresses. The rail bending stress is the tension or compression 
in the rail base due to the flexure of the rail under and between 
the wheels, and is determined by the wheel load, speed, axle 
spacing, and weight of the rail. Too high intensity of bearing 
pressures will increase rail batter, rail corrugation, rail flow on 
curves, and develop transverse fissures. As a general rule, the 
rail bearing pressures under drivers of locomotives are not 
excessive, due to their large diameter. However, the locomotive 
leading- and trailing-truck wheel loads and the tender wheel loads 
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are in general more severe due to their relatively small diameter. 
For example, 60,000-Ib axle loads on 42-in. diameter tender 
wheels will produce more severe bearing pressure than 75,000-lb 
axle loads on 70-in. diameter driving wheels. The load on a 36- 
in. car wheel can be made 1650 lb greater, and on a 42-in. car 
wheel 5000 lb greater, respectively, than the load on a 33-in. 
car wheel, without the intensity of the bearing pressure being 
increased. Therefore, it is not a question of axle loading alone, 
but the relation between axle loading and wheel diameter that 
determines the bearing pressure. 

High wheel loads on relatively small-diameter wheels produce 
such high bearing pressures, with underlying high shearing 
stresses, that existing shatter cracks or inclusions in the railhead 
are opened sufficiently to give a notch or stress-raiser effect, 
which produces a localized unit stress at this nucleus from two to 
three times the average bending stress at this location. The 
alternating tensile and compressive stresses produced in the rail 
ball by the rail flexure under and between the passing wheels 
are thus increased at one edge of the shatter crack or notch suffi- 
ciently to develop a progressive fracture about this nucleus. 
High bearing pressures, coupled with relatively high bending 
stresses, produce transverse fissures. High bearing pressures 
with low bending stresses produce horizontal fissures. 

Furthermore any improvements that can be made to reduce 
the unsprung weight for the reduction of vertical or lateral im- 
pacts will be beneficial to track maintenance. Not only should 
all unsprung parts be made as light as possible, but as many of 
these parts, as is practicable, should be removed from between 
the rails and the springs. For example, in the tender truck, only 
the wheels, axles, and journal boxes, and contained parts should 
be unsprung; that is, springs should be placed between the 
journal boxes and the truck frames. Furthermore, a certain 
amount of lateral motion should be provided between the truck 
frames and the truck bolsters, as any impact between the wheel 
and the rail develops energy which should be absorbed to the 
maximum extent by resilience. 

Track alignment is of great importance for good riding, and 
poorly designed locomotives can throw the track out of align- 
ment at high-speed operation. 


Repucine NosiInG AND ForE-AND-AFT VIBRATIONS 


The steam distribution in the cylinders, particularly in the 
shorter cutoffs at the higher speeds, plays an important part in 
producing fore-and-aft vibrations. American locomotive valves 
and valve gears are notable in this respect, with the result that 
full use cannot be made of the more economical higher-pressure 
steam to increase the mean effective pressure, delay the release, 
and reduce the cylinder back-pressure and horsepower losses. 

With boiler pressures as low as 225 lb, poppet valves have 
notable advantages in that at high speeds the distortion in valve 
events due to the whip in the piston valve gear, is eliminated 
owing to the absence of inertia effects of the valve motion. The 
power required to operate the poppet valves is relatively small 
and provides not only for precise valve motion but for easy lubri- 
cation of the valves when the locomotive is drifting. When not 
working steam, all of the valves can be lifted from their seats 
which promotes “free wheeling.” 

There is also opportunity to improve the means for controlling 
the resistance to the lateral movement at the locomotive leading, 
driving, and trailing wheels, with particular reference to high- 
speed operation on tangent track. 


IncREASING TRACTIVE Power FoR OPERATION 


No reference is made to increasing the sustained boiler horse- 
power capacity, which is one of the most important factors in 
modern steam-locomotive design. In other words, the practical 
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railroad operating official wants not only plenty of power, but 
plenty of reserve power at the head end of the train; and he does 
not want any more double-heading, or helper, or light locomotive 
mileage than is absolutely necessary, as this all tends to increase 
the ratio of locomotive miles to train miles, and the cost of loco- 
motive operation and transportation expenses. 


Drivinc-AXLE AND CRANKPIN FAILURES 


The principal cause of axle, journal, and wheel failures has 
been the use of designs, dimensions, and material developed 
for speeds of from 60 to 75 mph, in combination with equipment 
being operated at speeds of from 90 to 110 mph, and generally in 
combination with heavier wheel loads and too much unsprung 
weight at the rail. 

There is considerable shock and repeated load set up in a loco- 
motive axle on account of the rigidity of roller-bearing application. 
In the case of ordinary rotating sliding bearings, the use of non- 
ferrous bearing metal, and the film of lubricant between the same 
and the journal, provide a certain resilience that does not obtain 
with a roller bearing. Therefore, in an axle, it is important that 
there should be a change in the section of the mass, and in the 
path of the vibrations, which latter occur at the roller bearing at 
each end of the axle on account of the wheels passing over rail- 
joints, frog and crossing gaps, and other irregularities that pro- 
duce shock. 

Improper machining and heavy pressure fits of wheel seats, 
compounding with bending stresses which result in high shear 
stresses on 45-deg planes within the hub, are also contributing to 
axle failures, as the hub metal surrounding the axle does not dis- 
sipate the excessive bending moments that centralize at the 
wheel fits. Furthermore, there is a pulsating shear stress, due 
to the bending components as the axle rotates, as confirmed by 
variation in measurements between the top and the bottom 
flanges of wheels when loaded and empty, which brings about a 
stress that is superimposed on a high mean shear stress due to the 
press-fit radial loading. The over-all result is a distinct lowering 
of the fatigue strength of the axle. 

Owing to the increase in axle failures that occurred at the time 
roller bearings were more extensively applied to locomotive 
leading and tender truck and driver journals, with particular 
reference to the New York Central and Pennsylvania steam and 
electric locomotives, the writer had some studies made, com- 
mencing in 1932 and 1933, of the stresses and strains in locomo- 
tive axles in service. Micrometer measurements were taken on 
the inside of wheel flanges at points in line with the top of the rail, 
and also at points diametrically opposite at the top of the wheels, 
all measurements were taken against surfaces that were file- 
finished to insure accuracy. In connection with 33-in. 950-lb 
single-plate chilled iron wheels and new 6 X 11-in. journal axles, 
under a locomotive tender fully loaded with fuel oil and water to 
give an axle load of 51,000 lb, it developed that the center of the 
axle, when the tender is in movement, is subjected to repeated 
cycles of bending. The calibrated distances between the wheel 
flanges, at the top, were found to have increased 0.1045 in., or 
nearly 7/ in. under load, while the distances at the bottom de- 
creased 0.1210 in., or nearly '/s in., as compared with the normal 
condition that obtained when the axle was without load. It is 
reasonable to assume that in service, when wheels and axles are 
subjected to shock and impact, there will be a greater difference 
in these measurements. The explanation for these axles not 
failing must be that tender and car axles are generally manufac- 
tured of ordinary carbon steel, of high ductility, plus the fact that 
the different axle sections, between the journals, change the mass 
and dissipate the vibrations, with the result that the metal at the 
center of the axles does not reach the fatigue point before it is 
renewed owing to the journal’s being worn to the rejection limit. 
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As a result of the foregoing, it was decided that tapering the 
axles instead of making them straight, between the wheel seats, as 
applied to locomotive truck and driving axles, would be desirable, 
and, in addition, it was agreed that changes in design or in ma- 
chining of axle and crankpin fits, which would tend to relieve 
the rigidity at that point sufficiently to permit a breathing action, 
and which would reduce the stress and dissipate the excessive 
bending moments that centralize in the plane flush with the face 
of the hub, causing axles and pins to fail at that point. 

Exception was taken in some quarters to this practice, as apply- 
ing to locomotive driving axles, for the reason that they do not 
carry torsional stresses which are uniform between journal cen- 
ters, and it was thought that the axle should be of unvarying 
section to take care of these uniform stresses. However, the 
journal portion of the axle is practically rigid due to the roller- 
bearing sleeves being pressed on the journal, and due to this 
rigidity the vibration in the axle must be absorbed in that portion 
of the axle between the journals, which should be so shaped as to 
best absorb it. It is also thought that if the axle were made 
smaller at the center, the vibration or movement at the center 
would be greater, gradually growing less at the end of the journal 
or at the point where the axles are failing, and which would elimi- 
nate the junction point between the rigid and vibrational portion 
of the axle. 

During the latter part of 1934 the Pennsylvania Railroad 
placed an order for driving axles, tapered between the wheel 
seats, for 65 of their electric locomotives, which represented the 
third set of such axles for these locomotives. The wheel seat is 
about 11%/, in. diameter, and the center of the axle is tapered 
down to 9 3/,in. diameter—somewhat on the order of the Timken 
test axles. A change was also made from a carbon to a heat- 
treated low-carbon nickel steel, normalized and tempered, with 
a tensile strength of 85,000 lb per sq in.; a yield point of 58,000 
Ib per sq in.; an elongation of 28 per cent minimum; and, a re- 
duction of area of 60 per cent minimum. 

Experience has demonstrated there is little question but that 
in locomotive design, tapered versus uniform column sections 
in rods and axles are advisable. Furthermore, the Timken re- 
search and tests have demonstrated that many of our locomotive 
forging failures—the responsibility for which has been placed on 
the material—can be overcome by correct design; for example, to 
taper driving axles and make them smaller in diameter between 
the wheel seats than at the wheel seats in a manner similar to the 
conventional design of locomotive-tender and car axles. 


LocomorTivE Forcina MATERIALS 


Regardless of the advance in the metallurgical art, the design 
and material for locomotive axles, crankpins and main, side, and 
piston rods has been, and still is, a disturbing one. This applies 
also to the higher-speed car axles. The experience of many rail- 
roads with respect to surface checking, progressive fractures, and 
ultimate breakages of driving axles on their new steam and electric 
locomotives, which have inside and outside journals equipped 
with roller bearings, is a good example of the failures that are 
occurring in locomotive steel forgings in connection with un- 
sprung parts. 


TABLE 1 CHEMICAL AND PHYSICAL PROPERTIES OF AXLES, 
PINS, AND RODS 


Beam-drop yield point, lb per sq .  §1,300 
Extensometer elastic limit, |b per sqin................. 49,450 
Reduction of area, per 40.4 


Commencing in September, 1926, the first lot of two cast-steel 


main driving axles, 29 main crankpins, and 10 main rods was put 
into service on various Pacific passenger, consolidation freight, 
and eight-wheel coupled switching locomotives, the chemical and 
physical properties being as given in Table 1 of this discussion. 
Comparing this cast steel with forged alloy steel, the notable dif- 
ference is that the cast steel has not developed thermal surface 
checks or progressive fractures after more than ten years of 
service. 

In connection with the construction of the Delaware & Hudson 
Railroad experimental heavy-tonnage freight locomotive No. 
1403 carrying a boiler pressure of 500 lb per sq in., a specification 
covering carbon-nickel steel forging was developed in April, 
1932, approximating the Timken chemical composition, with the 
exception that the nickel content was higher and there was no 
chromium or molybdenum. The material had a tensile strength 
of 100,000 Ib per sq in., a yield point of 80,000 lb per sq in., an 
elongation of 25 per cent, and a reduction of area of 60 per cent. 
Through the use of this material, a very substantial reduction was 
made in the weight of the driving axles, main crankpins, and 
main, side, and piston rods of this locomotive, with the result that 
it could be counterbalanced, with the 63-in. driving wheels, for 
a speed of 75 mph. 

Due to premature failures of alloy steels in locomotive forgings, 
a normalized and tempered carbon steel of acid-open-hearth 
quality and grain-controlled treatment is being tried out. The 
chemical and physical properties of this steel are given in Table 2 
following. 


TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF NOR- 
MALIZED AND TEMPERED ane STEEL FOR LOCOMOTIVE 


Manganese, per cent (desired)..................2ceeeee 0.80 
Phosphorus, per cent (mot 0 
Sulphur, per cent (not 0. 
Residua. alloying metal impurities: 
hromium, per cent (not 0 
Nickel, per comé (mot over). a0 0 


Tensile strength, Ib per sq in. (desired) 

Yield point, lb per sq in., minimum........... . §5,000 
Reduction of area, per cent, minimum.................. 55 


CoNCLUSIONS 


The increase in United States railway passenger and freight- 
train speeds is gaining, and, so far as track conditions will allow, 
scheduled passenger-train speeds for continuous runs of 100 or 
more miles are now ranging as high as 75 to 85 mph. Today there 
are practically no slow freights. Freight travel on the railroads 
is more than 40 per cent faster, and requires about 25 per cent 
less trains to carry the same volume of traffic, as compared with 
15 years ago. 

Everything points to more extensive motive power and rolling- 
stock replacement activity during the next five years. Elimina- 
tion of obsolescence and lower ratio of operating expenses to 
gross revenues, to increase net revenues from railway operations, 
will be the lifesaver of railway transport. 

In steam-locomotive modernization, higher boiler pressures, 
increased sustained boiler-horsepower capacity, and reduction of 
weight and number of parts by greater-strength materials and 
integral steel castings are the most notable developments. With 
respect to extreme streamlining, and adding from 10,000 to 
15,000 lb for that purpose, it would seem more practical and profit- 
able to put this weight into the boiler and/or superheater to 
increase the sustained boiler horsepower and the drawbar horse- 
power-hour capacity at the higher speeds. 

The authors mention the improvements that have been made 
in the running and driving gear of new steam locomotives by 
reduction in weight of the revolving and reciprocating parts, to 
permit their operation at much higher speeds than is the usual 
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practice in freight and passenger service. In the final analysis, 
it is the combination of track curvature, spiraling, elevation, line 
and surface; railway-highway grade crossings; braking; signal- 
ing; unfavorable weather conditions; and the various train ser- 
vices and schedules, and not the motive power or rolling stock, 
which govern the speed that can be safely run on railroads. 
Satisfactory tracking and riding qualities of lightweight high- 
speed trains must be assured to meet the winter and spring per- 
manent way conditions—when frost changes the surface and line 
of track. Speed around any curve is limited to safety, equaliza- 
tion of the weight carried on each rail, and the comfort of pas- 
sengers. Lowering the center of gravity, from the ordinary 
limits of practice, will have little effect on increasing the per- 
missible speed around curves. The center of gravity of a 
steam locomotive is high enough so that in traversing curves at 
speed, a large proportion of the weight produces a downward 
thrust, instead of an upward or lateral thrust on the outer rail, 
without liability for track spreading or overturning rail, as in the 
case of a low center of gravity. Lighter weight and lower center 
of gravity of trains are not required for either safety of high- 
speed operation, or for operation over curves. A low center of 
gravity is a desirable factor, but not necessary as a higher stand- 
ard of maintenance, and subsequently an improved track struc- 
ture is more important. To lower the center of gravity to a 
point that will materially raise the “safe’’ operating speed would 
result in extreme side thrust on curves and discomfort to pas- 
sengers. 

It is pointed out that higher speeds will require either a reduc- 
tion in weight of the reciprocating and rotating parts, or im- 
proved and strengthened locomotive and track structure, whereas, 
locomotive and car-axle troubles—either with or without roller 
bearings to inside or outside journals—can be overcome in the 
following ways: 

1 By adequate dimensions and tapering to a smaller diameter 
between wheel seats to provide for flexure of the axle due to the 
loads on the journal bearings as the wheels rotate. The writer 
is in accord with the recommendations that greater flexibility be 
designed in the axle by decreasing the present conventional ratio 
of the axle diameter in the portion between the wheels to the 
diameter of the wheel seat. 

2 By a larger diameter at the wheel seat, as compared with 
the adjacent metal outside of the wheel seat. 

3 By a design of roller-bearing journal box which will provide 
adequate lateral motion and insure against loss of lubricant. 

4 By enlarging the wheel diameters to reduce rail bearing 
pressures. 

5 By adjusting wheel loads and axle spacing to reduce rail 
bending stresses. 

6 By reducing unsprung wheel load at the rail. 

7 By providing suitable lateral-motion devices. 

8 By the use of acid-process open-hearth steel. Acid steels 
are superior to the basic products by reason of the former re- 
quiring a better grade of material in its fabrication, and by 
virtue of which there will be less impurities in the finished product 
and, therefore, higher endurance values. 

9 By minimizing the oxygen content for the purpose of in- 
creasing toughness and ductility. 

10 By limiting the chromium and nickel content in order to 
force the use of proper scrap material so as to hold these two 
elements within the specification. Molybdenum content, to 
reduce the temper brittleness of nickel and nickel-chromium 
steels, is important. 


Avutuors’ CLOSURE 


The discussion by Mr. Kiesel is particularly interesting in view 
of his wide experience in locomotive design, and particularly the 
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care with which he has handled engineering matters in connection 
with the minimum weights of reciprocating parts, reduced dy- 
namic augment, and his application of these advantages to loco- 
motive construction over a long period of years. The suggestions 
by Mr. Kiesel on this subject, in view of the demand for increased 
speed, are particularly timely. 

Mr. Mubhlfeld contributes a thorough discussion of the effect of 
reduced weights, unsprung weights, and weights of reciprocating 
parts for railroad equipment, with particular reference to the 
limiting conditions that control railway rolling-stock design. 
His remarks on improved steam distribution, particularly regard- 
ing the advantages of shorter cutoffs at high speeds, throw addi- 
tional light on this important phase of locomotive operation. 
This is particularly pertinent to roller-bearing equipment inas- 
much as the pounding is much less with roller bearings. A ready 
check on the cutoff through the pounding of locomotives is sub- 
ject to some modification with roller-bearing equipment. It is 
entirely probable that locomotives have been operated with 
rather short cutoffs with complete roller-bearing equipment on 
account of the absence of the usual pound through which the 
engineman might gage the point of minimum permissible cutoff. 

Under the subject of driving-axle and crankpin failures, Mr. 
Muhlfeld is probably correct in reciting the increased rigidity of 
roller-bearing applications. However, his paragraph relating to 
this subject should be modified to state that a roller bearing prob- 
ably has more resilience than the film of lubricant for the reason 
that the roller bearing has two films of lubricant between the load 
and the axle, and in addition the elements of the roller bearing are 
highly elastic in themselves. The resilience of the roller bearing, 
comprising the roller and the inner and outer races, is probably 
several times that of the film of lubricant. The authors believe 
it to be quite important that the elasticity of the wheel and axle 
mounting be maintained regardless of whether roller bearings or 
plain bearings are utilized. 

Probably an important reason for the thought that axle failures 
increase with roller bearings might be due to the increased work 
done by locomotives equipped with roller bearings. In general 
this can be estimated at an increase of from 50 to 100 per cent, 
and axle life is more closely related to work done than to time in 
service, and this, naturally, would be reflected in axle-life condi- 
tions. 

Each of the 160 Pennsylvania electric lccomotives has now 
operated in excess of 170,000 miles, average, without axle break- 
age or indications of actual cracks. This compares well with any 
other locomotive installation on which the authors have informa- 
tion. 

A check has been made by a railroad using a large number of 
locomotives equipped with roller-bearing drivers, and on the 
basis of work done and mileage operated, the trouble with axles 
is not any more severe with roller bearings than with plain bear- 
ings formerly used. 

The practice of tapering the axle to the center provides for the 
greatest possible uniformity of stress and avoids localization of 
stress concentration under the wheel and bearing seats. E-xperi- 
ence with high-power and high-speed equipment indicates that 
considerable more work should be done with the object of reduc- 
ing stress concentration at critical points such as at the inside face 
of wheel seats and under bearings. This work is now being under- 
taken under the auspices of the Association of American Rail- 
roads. 

The authors agree with Mr. Muhlfeld in his conclusions that 
cruising speeds of 85 to 100 mph will be made generally available 
in the future to take care of the public’s demand for less loss of 
time in traveling. The traveling public apparently expects to 
make trips of upward of 1000 miles in overnight trains, and a 
further general important consideration is that of evening trains 
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departing after business hours and making trips of upward of 
300 miles with reasonable arrival hours. 

In stressing the development of lighter-weight parts, the au- 
thors are aiming to eliminate one of the more important elements 
limiting top speeds of steam locomotives. It would be entirely 
possible that all the elements of track, such as curvature and sur- 
face, grade crossing, general signaling and weather conditions, 
could be favorable for very high speeds and still the limiting fac- 
tors on sustained high speeds could be the heavy stresses built up 
within the working parts of the locomotive due to unbalanced 
forces. The reduction of 50 per cent in the weight of reciprocat- 
ing parts in general permits increasing speeds as much as 30 
mph, developing reduced dynamic augment, and certainly reduc- 
ing the internal forces of the locomotive. 

The money and thought being expended on other features 
limiting train speed, together with the higher permissible steam- 
locomotive speeds, will, within a reasonable period of years, pro- 
vide the American public with schedules thought impossible of 
attainment as recently as two years ago. 


Oil-Film Thickness at Transition 
From Semifluid to Viscous 
Lubrication’ 


L. M. Ticnvinsky.? The writer had an opportunity to per- 
form a series of tests at the Westinghouse Research Laboratories 
during which the same bearing metals described by the authors 
were used. These tests, run on a previously described machine® 
at 500 rpm journal speed and a pressure of 100 lb per sq in., con- 
sisted in obtaining the performance of the bearing materials in 
the region of boundary lubrication, the temperature and the 
coefficient of friction, the latter of which are plotted in Fig. 1 of 
this discussion. Results obtained under tested conditions show 
that the two straight copper-lead alloys performed better than 
bearing bronze and the tin-base and lead-base babbitts. Bab- 
bitts showed the highest values for the coefficient of friction. 
The performance of tested materials depends on a number of 
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Fig. Friction oF Bassirrs, BRONZE, AND LEADED CopreR IN THE 
BouNDARY REGION 


(Materials tested at journal speed of 500 rpm and bearing pressure of 100 lb 
per sqin. Oil used had Saybolt er of 200 sec at 100 F and 46 sec at 
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variables, including (1) heat conductivity and (2) microstructure, 
both of which are mentioned later in this discussion. 

In an attempt to correlate the data obtained under similar test 
conditions, reference is made to the values of the electrical con- 


1 Published as paper RP-59-3, by G. B. Karelitz and J. N. Kenyon, 
in the April, 1937, issue of the A.S.M.E. Transactions. 

? Research Laboratories, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. 

“Straight Copper-Lead Alloys Versus Leaded Solid-Solution 
Bronzes for Heavy-Duty Bearings,” by F. R. Hensel and L. M. 
Tichvinsky, Trans. A.S.M.E., vol. 54, 1932, paper IS-54-3, pp. 11-24. 


ductivity of the tested materials, which is proportional to the 
heat conductivity. The lowest values of the coefficient of fric- 
tion correspond to the highest values of conductivity of the 


Fic. 2. Coprer-Leap ALLOY oF Fine-LeEap DistTRIBUTION WHICH 
Was Pourep at 1040 C1n Motp. X50 


Fic. Copper-LeEap ALLOY oF CoarsE-LEAD DISTRIBUTION WHICH 
Was Pourep at 1040 C1n X50 


straight copper-lead alloys, as shown in Fig. 1 of this discussion. 

It is of interest to note also the influence of microstructure 
upon the performance of the straight copper-lead alloys. The 
lower curve for a copper-lead alloy shown in Fig. 1 of this dis- 
cussion was obtained with an alloy having a fine-lead distribution, 
while the upper curve for a copper-lead alloy was obtained with 
an alloy having a less fine-lead distribution. The microstructures 
of the two lead alloys are shown in Figs. 2 and 3, respectively, 
of this discussion. 
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Apparently the high values of heat conductivity of the straight 
copper-lead alloys explain the good performance of these bearing 
materials. It has been pointed out previously‘ that this ma- 
terial performs well at low and medium bearing pressures and 
fails under higher pressures. 

In the region of fluid-film lubrication, the performances of these 
materials will probably be very close to each other provided the 
degree of finish of the surfaces in question is the same. 


J. R. Connetity.5 The magnified views of the profile of a 
worn surface are valuable contributions to the study of wear of 
bearing materials. The wearing of the specimens as shown in 
Fig. 4 of the paper shows at least two distinct phases: (1) a 
very rapid wear for a few hours and then (2) a much slower wear 
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BRINELL HARDNESS 


Fic. 4 AVERAGE PRESSURE OVER THE PROJECTED AREA OF THE 
BEaRING Contact SURFACE AT EQUILIBRIUM FOR VARIOUS BRINELL 
HARDNESSES 


which continues until equilibrium is reached. It seems quite 
probable that the crystal deformation shown in the photo- 
micrograph occurred during the first phase when pressures were 
extremely high and considerable local heat was generated. 

The authors state, at different points in the paper, that (1) the 
specimens were cast in 1 X 1 X !/;-in. sizes, (2) the specimens were 
overchilled, and (3) the tests reached equilibrium in about 36 
hours. This information agrees with some data now being col- 
lected at Lehigh University. If the authors had cast larger 
specimens and slowed down the rate of cooling, the tests would 
have required considerably more than 36 hours to attain equilib- 
rium. 

It has been the writer’s experience that a dial gage is not ac- 
curate under the test conditions. It is very apt to stick on a 
given reading. Since the tests were overrun to insure reaching 
equilibrium the inaccuracy is not serious for the author’s purpose. 

All tested surfaces should be photomicrographed to check the 
metal structure before the particular data are accepted. 

The writer is doubtful, as will be explained later, as to the 
assumption that the temperature of the oil film is only 3 deg 
higher than the oil bath. 

The authors state that they believe that the height of the 
projections on the bearing surface when equilibrium is attained 
should be equal to h, the minimum clearance on the trailing edge 
calculated using the equations of the hydrodynamic theory. It 
is the writer’s understanding that the hydrodynamic theory is 
based on several assumptions. Among these are: (1) The sur- 
faces involved are geometrically perfect; and (2) the flow is 
laminar or streamline. With the space between the journal and 
the bearing filled with projecting pieces of bearing surface, to say 
nothing of similar ones on the journal surface, it is rather difficult 


4 Discussion by W. Trinks of the paper: ‘‘Straight Copper-Lead 
Alloys Versus Leaded Solid-Solution Bronzes for Heavy-Duty 
Bearings,’ by F. R. Hensel and L. M. Tichvinsky, Trans. A.S.M.E., 
vol. 54, 1932, paper IS-54-3, p. 24. 

* Assistant Professor of Mechanical Engineering, Lehigh Uni- 
versity, Bethlehem, Pa. Jun. A.S.M.E. 
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to imagine laminar flow. It would seem reasonable to expect the 
actual projections from the surfaces to be substantially greater 
than computed values of h,. With turbulent flow, a thicker 
average oil film would be necessary to float the journal than the 
thickness necessary under streamline flow. In Equation [2] 
in the paper, h, decreases as the one-half power of the absolute 
viscosity of the oil film and the absolute viscosity decreases with 
increase in temperature. This would indicate that the tem- 
perature in the oil between journal and bearing was much higher 
than that assumed by the authors. 

However, it is possible that the hydrodynamic theory, by 
modification of constants, may be used satisfactorily to correlate 
this transition point. It would be interesting to use the height 
of the projections as h, and compute the value of the constants 
in the equation. 

Using the data in Tables 1 and 2 of the paper, the writer has 
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plotted the average pressure over the projected area of the bear- 
ing contact surface at equilibrium W/LA against the Brinell 
hardness of the bearing metal as shown in Fig. 4 of this discussion. 
Points of the same value of load per inch of bearing length W/L 
are connected by dashed lines. Three of the bearing metals, 
namely the lead-base, tin-base, and copper-lead, show for the 
same load per inch of bearing metal W/L a value of W/LA in- 
creasing directly with the Brinell hardness. The bronze does not 
show any such direct relationship. This may indicate, other 
things being equal, that there is an optimum value of hardness 
changing as the load per inch of bearing length W/L changes. 
On the other hand this may indicate that bronze has a different set 
of conditions obtaining at test equilibrium than do the other 
metals tested. 

To obtain rate of wear during the last phase before equilibrium 
is attained, the volume of bearing specimen worn away is plotted 
against feet of travel of a point on the surface of the journal. 
The slope of the curve is measured just before equilibrium is 
reached as shown by the data. For all the data the writer has 
examined, this last portion of the wear curve seems to be a 
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straight line. The units of this slope are cubic inches per inch 
of length per foot of travel. In the following table appear the 
values of slope as found for the data shown in Table 2 of the 
paper computed from readings furnished the writer by Professor 
Karelitz, one of the authors of the paper under discussion. These 
values of rate of wear are plotted against Brinell hardness in Fig. 
5 of this discussion, and against load in Fig. 6 of this discussion. 
While the absolute accuracy of the values may be questioned, 
the trends are pronounced. 


TABLE 1 VALUES OF SLOPE AS FOUND FOR DATA IN TABLE 2 
OF PAPER! 


2 3 
Slope at 20 lb pressure... 1.75(3)* 6.75(3) 4.50(2) 50(4) 
Slope at 40 lb pressure... 6.50(6) 26.80(5) 14. 50(4) 8.99(2) 


Slope at 60 lb pressure... 3.00(5) 9.25(4) 1.75(9) 7.25(5) 


@ Numbers in parentheses indicate the number of points available for de- 
termining each slope and therefore give some indication of relative accuracy. 


Fig. 5 of this discussion indicates that the lead-base and tin- 
base metals have a different wear mechanism from the other two. 
The No. 4, 40-lb wear value was based on two points only and it 
seems inconsistent with the rest of the values. For materials 
having the same wear mechanism, the Brinell hardness seems to 
be a criterion for rate of wear. 

Fig. 6 of this discussion shows the relative resistance to wear of 
the various materials for corresponding loads. For practically 
the entire range, the tin-base metal is the best, the bronze is 
next, and the lead-base is next. If the copper-lead 40-lb value 
is proportional to the bronze, as shown in Fig. 5 of this discussion, 
then the copper-lead is the worst in point of wear resistance of the 
four metals. 

The writer is more familiar with the characteristics of the 
lead-base metal than with the others. By increasing the per- 
centages of tin and antimony, the Brinell hardness will be in- 
creased appreciably, bringing it nearer to the bronze in wear 
resistance. 

The writer wishes to thank the authors for their cooperation 
in making available the data for this discussion. It is suggested 
that a similar analysis may show interesting results when applied 
to Table 5 of the paper where several different oils were used. 


J. F. Spreceu.* Connelly and Hertel’? have reported on a 
series of wear tests conducted on test blocks of various lengths 
subjected to varying loads and with various lubricants. The 
results of these tests suggested to the writer a study on the cal- 
culated values of the minimum film thickness for the conditions of 
ceasing wear. The values found compare in an interesting way 
with the results obtained by the authors of the paper under dis- 
cussion. 

The writer, as did the authors, presumed that a wedge-shaped 
film was formed. This necessarily must be the case, otherwise 
the load cannot be carried without metal contact. Likewise, the 
formulas for flat surfaces were employed which, as shown by 
Baudry and Tichvinsky,* give almost perfectly accurate values 
for fitted bearings of short angular extent. The question, how- 
ever, arose which angle of the wedge, or else, which ratio h,/h, 
ought to be chosen, due to the fact that there was apparently no 
feature in the test installation determining any distinct angle. 
Since, for a very steep or a very flat angle, the calculated mini- 
mum film thickness will be considerably smaller than its optimum 
value, this matter seemeJ to be of importance. 


6 Engineer, Kingsbury Machine Works, Inc., Philadelphia, Pa. 

7 “Bearing Investigation by the Varying Wear Method,” by J. R. 
Connelly and C. C. Hertel, presented at the Annual Meeting, 
A.S.M.E., December 2-6, 1935 (not published). 

§‘‘Journal-Bearing Performance,” by R. Baudry and L. M. 
Tichvinsky, JouRNAL oF AppLigED Mecuanics, Trans. A.S.M.E., 
vol. 57, December, 1935, p. A-121. 


In this connection reference was made to a mathematical 
study by Vogelpohl.? By analyzing the physical meaning of 
Reynolds’ fundamental equation for viscous flow in bearings, 
Vogelpohl arrives at the conclusion that the distribution of pres- 
sure in the film always adjusts itself in such a manner that the 
loss of energy caused by friction becomes a minimum. 

This theorem was accepted for the present case. It is known 
that the conditions of a minimum loss of friction for a given 
film thickness are obtained at a ratio h,/h, = 2.5, the correspond- 
ing value of D = 0.0263 being very close to the value 0.0260 
selected by the authors of the papers under discussion. 

In the present study, the effects of side leakage had to be taken 
into account since some test blocks were extremely short. The 
side-leakage factors as given by Kingsbury” were applied. 

The tests by Connelly and Hertel’ were made for the conditions, 
given in Table 2 of this discussion. Oil temperatures were not 
stated in the report in question,' therefore the assumption of an, 
average temperature of 100 F was made. The results of the 
calculations are given in Table 3 of this discussion. As will be 
seen, the values of the calculated minimum film thickness are of 
the same order as those found by the authors. If the correct 
temperatures had been known, the agreement might have been a 
closer one. The composition of the bearing metal resembles. 
closely that of the authors’ alloy No. 2. However, for a 1-in. 
length, the values as shown in Table 3 of this discussion are. 
somewhat smaller than those for alloy No. 2. 

It also follows from Table 3 of this discussion that for a given 
length and a given lubricant within the limits of experimental 
errors, the influence of the load is negligible. However, there 
seems to be an influence of the quality of the lubricant and the 
length of the bearing. The application of the heavy lubricant 
P-916 results in increased values of h,. Likewise, the bearings of 
greater length show increased values of h,, which fact is not 
unexpected since with increasing length elastic deformations of 
the loaded parts and distortions due to temperature changes have 
an increasing influence. 

TABLE 2 CONDITIONS 7 TESTS CONDUCTED BY CONNELLY 


HERTEL’ 
Bearing-metal composition: 
Lead, per cent. 
Tin, per cent. 
Length normal to ‘direction of motion of load-carrying surface, in.. “fate 1.8 


Viscosity of lubricants at 100 F in Saybolt seconds (S.U.V.): 

TABLE 3 MINIMUM OIL-FILM THICKNESS CALCULATED BY 

SPIEGEL* 

Test Load F Length Width a, 
no. Oil Ib L, in. in. F/L ho, in. 
la D.T.E., light 10.78 0.253 0.0421 42.70 0.0000354 
Ib D.T-E.. light 10.78 0.501 0.0320 21.60 0. 0000395 
Ie D.T.E., light 10.78 0.755 0.0267 14.30 0.0000408, 
Id D.T.E., light 10.78 0.995 0.0259 10.83 0.0000456 
le D.T.E., light 10.78 0.128 0.0717 -70 0.0000367 
I D.T.E., light 10.78 1.502 0.0297 7.18 0.000064 
Ila D.T.E., light 2.69 0.126 0.0404 21.40 0.0000452 
IIb D.T.E., light 5.38 0.253 0.0311 21.30 0.0000378 
IIc D.T.E., light 10.78 0.501 0.0315 21.50 0.0000388 
IId D.T.E., light 16.10 0.753 0.0419 21.40 0.0000518 
Ile D.T.E., light 21.60 0.999 0.0343 21.60 0.0000427 
Illa S.A.E. 20 10.78 0.143 0. 75.70 0.0000354 
IIIb 8.A.E. 20 10.78 0.995 0.0381 10.80 0.0000682 
1Va P-916 10.78 0.127 0.0591 00 0.0000435 
IVb P-916 10.78 0.994 0.0263 10 0.0000642 
Va D.T.E., light 4.04 1.016 0.0287 3.97 0.0000852 
Vb D.T.E., light 16.14 0.136 0.0294 118.50 0. 


CuristopHER H. Brersaum."' The nature and method of 


hydrodynamischen Theorie der Lagerreibung,’’ by G, 
Vogelpohl, Zeitschrift fiir angewandte Mathematik und Mechanik, 
vol. 15, 1935, p. 378. 

10 “Optimum Conditions in Journal Bearings,”’ by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, p. 123. 

11 Vice-President and Consulting Engineer, Lumen Bearing Comx 
pany, Buffalo, N. Y. Mem. A.S.M.E. 


2 
: 
4 
i 
4 
a 
4 

ake 

a 

: 

| 


84 TRANSACTIONS OF THE A.S.M.E. 


bearing testing as described in this paper, if carried far enough 
can be of practical value, it gives the maximum of bearing per- 
formance that can be obtained under given conditions. It gives 
this maximum without a factor of safety, this should never be 
approached, even remotely, in actual service. 

The composition of alloy No. 3 is given as containing 12 per 
cent of phosphorus. This is obviously a typographical error. 

The assumption that the oil in the film was 3 deg higher than 
the bath is entirely unwarranted. It is altogether more likely 
that the temperature of the actual film, such as it was, was 100 
deg or more higher than the bath in its unheated condition. The 
formula ZN /P is very much overworked, since the viscosity of an 
oil as determined in bulk is neither a function, nor is it directly 
proportional to the lubricating value of an oil.!? 

The photomicrographs of the worn bearing surfaces are given 
as 20 magnification. On the other hand, if these graphs repre- 
sented a magnification of 1000, they would then show that a 
state of run-in condition was being approached but as yet not 
attained. The corrosive action of oxidized oils, under forced 
lubrication, can produce a destructive effect or wear upon run-in 
surfaces, destroying the run-in condition, not due to metal-to- 
metal contact, while at the same time such a bearing may still 
for a time give excellent service under full fluid lubrication.'* 
These conditions, however, did not obtain on the surfaces shown 
in the paper; they are obviously metal-to-metal wear. 

The experiments of Bowden and Ridler' referred to by the 
authors do not warrant the assumption that the smearing of the 
bronze test surface was due to the phenomenon which these in- 
vestigators observed, as a careful reading of their report clearly 
shows. To quote: ‘This high temperature was localized at the 
sliding surface, the mass of the metal was at room temperature 
and there was no evident sign of heating.’”’ The temperature was 
that of surface atoms and was manifested in terms of electro- 
motive force. 

It seems difficult to associate the title of the paper with its 
contents. It is difficult to see any proof of a transition of the oil 
from one state into another, at least the contents of the paper do 
not seem to show one. The difference between a liquid and a 
solid is due to the freedom with which the atoms or molecules in 
the liquid can move relatively to each other as compared with 
those in the solid. Professor Bridgman of Harvard has shown 
that pressure upon mineral lubricating oils can convert them into 
solids. In other words, pressure upon the oil brings the mole- 
cules closer together and reduces their freedom of movement upon 
each other, and thereby increasing viscosity. If direct-pressure 
and viscosity tests have ever been made, such data do not seem 
available. It seems reasonable, however, that a continuous curve 
or unbroken line would be obtained when plotting such results, 
without a break or interruption; nevertheless, this paper does not 
prove a transition. 

The chemical composition of the shaft is given as an alloy 
steel. The chemical composition is of far less importance than 
its physical microscopic condition; many of the alloy steels are 
in a condition as they appear on the market, full of segregations, 
inclusions and the like, in a state utterly lacking microscopic 
homogeneity. This condition, except for inclusions, can largely 
be overcome by a proper heat-treatment; this important detail 
concerning the shaft is not given. “Shop finish’? may mean 


12 “Determination of Friction Coefficients Should Be Standard- 
ized,”” by A. W. Burwell and J. A. Camelford, National Petroleum 
News, vol. 28, August 12, 1936, pp. 38-40. 

13 “Corrosion of Bearing Surfaces,’’ by C. H. Bierbaum, Mechanical 
Engineering, vol. 57, April, 1935, pp. 239-240. 

14“*Surface Temperature of Sliding Metals; the Temperature of 
Lubricated Surfaces,’ by F. P. Bowden and K. E. W. Ridler, Pro- 
ceedings of the Royal Society of London, series A, vol. 154, 1936, 
pp. 640-656. 
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something or very little. The final condition of the shaft should 
have been shown, since “no efforts were made to give it a high 
polish.” As the hardness of modern steels is being gradually in- 
creased by the use of various alloying elements, the mechanical 
accuracy and finish of bearing journals become more and more 
important in order to produce satisfactory bearing results. 
Years ago the low-carbon cold-rolled steel and genuine babbitt, 
together in a bearing, mutually polished each other and produced 
run-in surfaces that could only be appreciated under relatively 
high microscopy. 

When considering collectively all of the conditions under 
which these tests were made, that is, the extremely small areas 
of test surfaces, the slight eccentric action of the journal, the 
extremely narrow width of test surfaces, varying from 21 to 57 
thousandths of an inch, and the lack of run-in conditions, they 
do not warrant the conclusions drawn. In so far as results ap- 
pear to agree with other investigators, they suggest a chance 
coincidence, rather than an actual proof. All determinations of 
an oil-film thickness upon surfaces such as shown must of neces- 
sity be meaningless. 

All modern bearing lubrication can be divided into three dis- 
tinct classes: (1) Flooded lubrication, (2) adsorbed lubrication, 
and (3) boundary lubrication. 

The first class, flooded lubrication, has been shown and de- 
veloped by Tower and further elucidated by Reynolds. 

The second class, the adsorbed or modern extreme pressure 
(E.P.) lubrication, is one in which the lubricating oil has been 
chemically modified so that the individual molecules have a dis- 
tinct affinity for the metal surfaces, a distinct metallophilic 
property, and where the oil molecules definitely orient themselves 
upon the metal surfaces. 

The third class is boundary lubrication where metal-to-metal 
contact exists. In this field a fabulous amount of useless and 
confusing research work has been done. This paper distinctly 
falls in the third class. 


R. G. Smmarp.' The authors have demonstrated the useful- 
ness of a simple device which appeals not only to the investiga- 
tors of bearing metals but also to the one studying the perform- 
ance of lubricating oils in relation to cylinder and bearing wear. 
Reversing the authors’ conditions, i.e., of studying the relations 
of different bearing metals to a few selected lubricants, and adopt- 
ing selected bearing metals of interest to the manufacturer of 
motor oils, and studying the effect of various lubricants on the 
wear of these metals, this method affords the combined advan- 
tages of simplicity, ease, and rapidity. Theconditions of varying 
wear, under which this method functions, are met with in the 
running-in period of automotive power-plant equipment and 
constitute the severest test of any motor oil. Inspection of the 
photomicrographs of wear tracks shown in this paper, especially 
those of the tin-base babbitt with unalloyed lubricant A, and 
lubricant B heated to a temperature where its viscosity was equal 
to that of A, will show that a factor or factors other than viscosity 
or nature of the bearing metal enter into consideration. It will 
be noted that lubricant A, which is a commercial low-viscosity oil, 
gave a wear track smoother than and less than one half as wide as 
that resulting from the use of lubricant B, thus indicating less 
wear. Can this then be an “oiliness” effect? Have we here an 
oil which by virtue of certain properties gives rise to less wear? 
The writer believes that there is a ‘‘something”’ to the oil which 
more study in this direction will probably disclose and enable the 
production and marketing of better oils to the advantage of the 
consumer in reduced costs and longer life to his machinery due to 
lessened wear. 


16 Research and Development Department, The Atlantic Refining 
Company, Philadelphia, Pa. 
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AutTHors’ CLOSURE 


The authors cannot agree with Mr. Bierbaum’s remarks con- 
cerning the temperature of the oil film. A difference of 100 F be- 
tween the temperature of the film and the oil bath could exist 
only when the oil supply to the bearing was very small. Under 
the conditions of this test, and with the temperature of the bear- 
ing block recorded to be only 2 deg above that of the bath, there 
can be no considerable rise of temperature in the film. The 
authors are in complete agreement with R. J. S. Pigott, whose 
discussion was oral, at the time the paper was presented, that 
the existence of such a rise in temperature would be indicated 
by high frictional losses and such losses were definitely not in- 
dicated by the ammeter. 

The reference to the work of Bowden and Ridler'*t was made 
to explain the phenomena occurring during the running-in of the 
bearing; of course, it has no relation to the phenomena taking 
place after a fluid film was formed between the rubbing surfaces. 

The authors agree that it would be of value to have a photo- 
micrograph of the shaft surface, but facilities to obtain it were 
not available at the time, as mentioned in the paper. However, 
the photomicrographs were used, in addition to their inherent 
interest, to illustrate computation of h,; in this capacity they 
have a meaning, and lend a definite meaning to the reported 
observations. 

Mr. Tichvinsky’s data on the coefficients of friction under 
boundary lubrication conditions pertain to the stage of wearing in 
the grooves. The amount of friction, no doubt, does affect the 
smoothness or roughness of the surfaces and, therefore, has a 
bearing on the observed value of h,. A correlation of data would 
require a vast number of tests and a better knowledge of the 
mechanism of wear than obtained at present. 

Mr. Connelly made an interesting analysis of the test sheets 
submitted to him on his request by the authors. It is the authors’ 
understanding that the tests agreed with his numerous observa- 
tions on wearing in bearing blocks. However, the rate of wear 
and time necessary to run-in depend so much on the initial finish 
of the surfaces and physical characteristics of the oil employed 
that the authors would refrain from any generalization regarding 
wear characteristics of the bearing materials. 

Answering G. L. Neely’s questions, asked at the time of pres- 
entation of the paper, the observation of the cross section of the 
groove under the microscope showed the surface to be uniformly 
worn-in. There was no evidence of a better polish along the 
trailing edge. It would be interesting to run several tests on 
one material and to discontinue these tests at progressive 
stages of the wearing in, but the microscope used would hardly 
be available for such an extended program. 

. The authors wish to express their appreciation of the interest 
shown in this study, and hope that further work will be done by 
others along the line suggested by the tests reported in this 


paper. 


Production and Quality Control of 
Sheets for Automobile-Body 
Fabrication! 


H. T. Mortron.? The author has shown the advantages of 
using wide strip steel in place of sheet steel. As shown in Fig. 3 
of the paper, the capacity of strip mills has grown irregularly 


1 Published as paper IS-59-1, by T. F. Olt, in the April, 1937, issue 
of the A.S.M.E. Transactions. 


ros. Metallurgist, Hoover Ball and Bearing Company, Ann Arbor, 
a ich. 


from 1924 and is still growing by the addition of new continuous 
strip mills which are under construction. That the saturation 
point for sales has not been reached is shown by the high “back- 
log’’ of orders which every strip and sheet mill has carried on its 
books during the spring of 1937. 

Fig. 5 of the paper clearly shows the differences in methods of 
manufacture from the continuous hot- and cold-rolled strip meth- 
ods of A and C to the older method (not shown) of hot rolling 
sheet strip approximately 1 in. thick, shearing, cooling, reheat- 
ing, cross rolling, annealing, pickling, cold rolling, and finally box- 
annealing. The economy of the strip method is mentioned as 
follows: ‘The first two methods (A and B) allow the production 
of longer and heavier units of semifinished product such as hot- 
rolled coils with a somewhat greater yield from the ingot. In 
cross rolling slabs, the weight of the coil is limited by the slab 
thickness the first stand in the bar mill will take, and also the maxi- 
mum reductions that can be taken in producing the desired thick- 
ness in the hot-rolled coil with the mills available, together with 
the maximum ingot width that can be handled in the slabbing 
mill. In addition, it is necessary to roll the slabs very closely 
to the desired slab length in order to secure the proper yield from 
the ingots, since the losses mount rapidly if the slabs are rolled 
with much croppage on either end. On the other hand, if the 
slab be too short, an entire cut is lost which may amount to as 
much as, or more than, one third of the ingot.” 

The present methods of controlling temperature during the 
heating and rolling operations, the removal of scale, the present 
strip-normalizing furnaces, the strip-pickling operations, and 
drying tend to produce a more uniform result than the older two- 
high or three-high hand-mill method of rolling sheets, which 
leaves so many variables within the control of each individual 
man doing the work. The continuous hot-strip mill leaves prac- 
tically no time between rolls for cooling and thereby eliminates 
the usual finishing of steel below the critical temperature. Fur- 
thermore, if this cooling should occur the normalizing operation 
removes the cold rolling strain which might otherwise cause 
critical grain growth during subsequent annealing operations. 
The present advancement in normalizing furnace equipment is 
shown in Fig. 15 of the paper, indicating that the grain size can 
be controlled for use in particular specifications or fabricated 
parts. 

The author has mentioned the following important item that 
might be the cause of uneven drawing or possible breakage ot 
sheet during the forming operation: “The greatest advantage 
in cross rolling is that the resultant sheets are more uniform 
within the single sheets in so far as segregation effects are con- 
cerned. Sheets produced by this method do not have a soft 
edge and hard center from the more segregated portions of the 
ingots, which is the case when material is rolled straight essen- 
tially throughout the whole reduction. The magnitude of this 
difference in properties is shown in Table 1. This is a very im- 
portant consideration in drawing sheets for some requirements, 
since a variation in physical properties between the edges and 
the center of sheets will sometimes cause a lack of uniformity in 
the manner in which the metal flows in the drawing dies.”’ 

The matter of final finishing of the cold-rolled annealed strip 
by cold working it enough to eliminate “stretcher strains,” 
“worms,” or ‘“Liider’s lines’ is very important. Whether this 
is done in the steel mill or at the fabricator’s plant is a matter 
that depends largely upon the equipment available and subse- 
quent dangers from “‘aging’”’ between the time of cold working 
and use. 

One important item for the mechanical engineers to consider 
at the present time is whether they should continue in the speci- 
fying of sheet for auto-body parts or build the equipment to 
use coils of steel fed directly into the presses. 
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Tuomas Docxray.* The typical range of analysis for steels 
capable of the most severe draws errs on the high side. It has 
been the writer’s experience that with 0.45 per cent manganese, 
the carbon will also be 0.10 per cent or over at the top of the in- 
got, and this combination is not conducive to good drawing. 
Having a steel of 0.030 to 0.040 per cent phosphorus is also dan- 
gerous. 

The table given in the caption of Fig. 4 of the paper, illustrat- 
ing the type of segregation that may be encountered is very in- 
teresting and unusual, for in studies of hundreds of sections 
from the tops of ingots, the writer does not recall having found 
the carbon to jump from 0.036 per cent in position No. 2 to 0.07 
per cent in position No. 1 at the edge of the ingot. The two 
types the writer has had experience with would have the per- 
centage of carbon distributed thus: 


(1) (2) (3) (4) 
(a) 0.036 0.070 0.094 0.094 
(6) 0.036 0.094 0.050 0.090 


Of course the type of segregation illustrated may be natural 
with a certain plant practice in melting and pouring or may be 
attributable to some other effect which is intangible. This lat- 
ter effect can be illustrated by one ingot which the writer once 
encountered where the carbon segregation, instead of being in the 
body of the ingot, was on one edge. At this edge there was a 
concentration of about 0.20 per cent carbon, while the remainder 
of the section was around 0.08 per cent carbon. 

In the description of the methods of rolling, it is stated that 
the greatest advantage in cross rolling is that the resultant sheets 
are more uniform within the single sheets as far as segregation 
effects are concerned. The writer cannot follow this statement. 
Does not this difference only result in a transposition of the hard 
center from the longitudinal to the transverse axis and the soft 
edge to a soft end? The relative areas of the differently segre- 
gated areas would be the same. 

The various methods of making a finished sheet from a hot 
strip related by the author brings a question to my mind. Blis- 
ters seem to be concomitant with rimming steel, both the pure 
rimming steel and semikilled. Inhibitors are used in the old 
practice, but the writer believes that when pickling strip a 
stronger acid and no inhibitor is used. Does this pickling prac- 
tice produce more blisters than when an inhibitor is used as in 
the old method? And is it found that there are more blisters in 
types B and D than in A and C on the inspection benches? 

Also, in the actual drawing operations, have blisters or lami- 
nations been found to be the cause of breakage, more so inthe 
case of A and C than with B and D? It is the writer’s opinion 
that blisters emanate from a gas pocket, and hence cross rolling 
would keep this pocket in more of a circular area which would 
make its presence more visible than it would be as a long thin 
pocket which would occur in A and C. 

This paper is interesting, coming as it does from a mill with 
such an experience in the old methods and a pioneer in the new, 
whereby a true comparison between the two can be put forward. 
There seems to be no appreciable betterment of ductility between 
the two types, but there is no comparison between the hand-mill 
sheets and the cold-reduced sheets in regard to surface, for with 
the former it is very difficult to get a lift of wide sheets without 
slight traces of flopper marks or tail marks. However, the 
writer has often wondered just what would be an average weekly 
run of seconds produced in a cold-reduced coil and the percentage 
of spoiled material. The latter is especially intriguing for, as 
the writer sees it, when something goes wrong this must lead to 
the spoilage of most of a slab, or several slabs, before the defect 
can be located and corrected. In contrast, only a few packs of 
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say three sheets each are generally spoiled with the hand mills 
before corrective measures are applied, such as a change of 
drafts and the number of passes, or gas or steam on the rolls, 
and it can be determined very soon whether the conditions will 
be corrected or whether it is advisable to change rolls, without 
spoiling tons of material. 

Table 1 of the paper, showing the effect of cold rolling upon 
the physical properties of sheets, is very interesting inasmuch 
as it puts into figures a fact which was known before heavy cold- 
roll drafts were used for sheets (although they were used for 
strip). Strip has always been known as very susceptible to strain 
aging, but in sheets where only say 1 per cent reduction by cold 
rolling for surface before the final annealing was done, this type 
was always more susceptible to strain than one that did not have 
this previous cold rolling, although both would have the same 
cold rolling after annealing. 

In Table 3 of the paper, the yield-point elongation after aging 
of the two types denotes this strain-aging difference, but the 
writer has mentioned that this difference was noticeable with 
only 1 per cent reduction whereas the difference in the table is due 
to say 50 per cent reduction. It would appear then that this 
difference is due to the act of cold rolling rather than to the 
amount of cold rolling. This fact can be appreciated by the fol- 
lowing figures. If two sheets taken next to each other from the 
same bar are worked and normalized next to each other and one 
has the cold reduction before the final annealing and the other 
has not, and both are annealed in conjunction, there will be a 
difference of about 5 per cent in the elastic ratio after a final 
tempering pass. 

This matter of strain aging does not seem to be a matter en- 
tirely of cold reduction before or after the final annealing or of 
the type of treatment (normalizing and annealing as contrasted 
with drastic cold reduction and annealing), for the writer has 
met with cases of a very drastic change in physical and straining 
properties within three months with 1.5 per cent final cold rolling, 
and yet, in other cases, sheets with only 0.5 per cent final pass 
without cold rolling before annealing would show no strain upon 
stamping even after 1 to 2 years. The writer’s experience indi- 
cates that the steel holds the secret. 

The author brings out one point which the writer believes is 
probably the main factor wherein wide cold-reduced sheets have 
been so successful in drawing ability, and that is the evenness of 
gage all over the sheet which allows very close checking of the 
temper rolling across the sheet and of maintaining that reduction 
on succeeding sheets. In the old practice, a pack of sheets will 
have sheets of different thicknesses according to their position in 
the pack and the consequent different amounts of heat they can 
hold during rolling. Consistent gage naturally will give con- 
sistent drawing results in the press. 

This paper has been most interesting for a sheet-mill metal- 
lurgist and I hope that the author will supplement it by 
another describing the problems and practice of continuous roll- 
ing from a metallurgical and production viewpoint. 


AUTHOR’s CLOSURE 


The interest shown in the paper is appreciated. 

Mr. Dockray has raised some question regarding the segrega- 
tion effects in rimming-steel ingots, and possibly a word as to 
how the data were obtained would indicate where the dif- 
ferences may be found. The analyses indicated in Fig. 4 were 
taken in planes parallel to the slab face of the ingot at the points 
indicated. The determination at position 1 is in the extreme skin 
of the ingot, which solidifies rapidly after pouring and would be 
expected to have a composition close to that of the melt. Posi- 
tion 2 is representative of a position at which the rimming action 
is very active, which means that carbon is being eliminated by 
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reaction with reducible oxides present in the melt, just prior to 
solidifying on the shell of the ingot as it grows inward. By 
integrating the separate values of composition of the shells at 
varying distance from the surface of the ingot, the ladle analysis 
of the heat can be closely approximated. 

The question of varying the segregation effect within sheets by 
cross rolling depends on where the cross rolling is performed. By 
crossing a straight-rolled breakdown, the soft edges are merely 
shifted to the ends as Mr. Dockray points out. However, if the 
slab be turned, the soft edges will be on the ends, and the segrega- 
tion effects will be scattered from end to end of the coil. The 
sheets cut from such a coil will show little variation within the 
single sheets but will show maximum variation between positions 
in the ends and middle. 

Heats cross-rolled at any stage in the process have a greater 
tendency to blister than those straight-rolled throughout. Cross 
rolling the slabs brings out this tendency before cross-rolling 
breakdowns will show it up; however, the tendency to blister 
will vary from heat to heat, and to control blistering, the main 
effort should be expended in making heats in which the tendency 
to blister is small. 

It is fairly well-agreed that the problem of strain aging is not 
one merely of sheet-rolling and processing variables. Neither is 
it one merely of melting and deoxidation practice. It is possible 
to produce sheets essentially free from strain-aging effects by the 
selection of the proper composition and deoxidation practice com- 
bined with suitable thermal treatment. 

[To correct the caption of Fig. 18 as originally published, 
Mr. Olt states that the photograph was taken full-size and re- 
duced 37.5 per cent in publishing.—Editor. } 


A Study of Lip Clearance on 
Twist Drills’ 


A. D. Forses.? To quote from the Handbook for Drillers, 
published by the Cleveland Twist Drill Company: ‘Fully 95 per 
cent of the difficulties encountered in drilling, arise from a faulty 
grinding, either of the point or the lip clearance. In grinding a 
drill, three things must be considered: (a) Lip clearance, (6) the 
length and angles of the lips, (c) the location of the point and dead 
center in relation to the axis or center of the drill. Lip clearance 
is very important. In fact, the effectiveness and life of a drill 
depend to a large degree on the correct forming of this clearance.” 
The writer believes this quotation covers briefly and thoroughly 
the essentials of drill-point grinding. 

The purpose of this discussion is principally to present the re- 
sults of tests on point grinding of twist drills at the River Works, 
Lynn Plant of the General Electric Company. Before present- 
ing the results of these tests, the writer would like to take up 
some of the facts presented by the author. He states: ‘““Even 
drills ground in the same machine, although the sizes vary, do 
not necessarily have the same angle.’’ This, the writer has 
found to be so, as the result of experience with several makes of 
grinders, and is of the opinion that this is the result of designing 
a machine to take a range of sizes. As the diameter of a drill 
to be ground changes from small to large or vice versa, the axis 
of the drill in relation to the wheel should change in order to 
produce a proper lip clearance. 

The designers of drill grinders, knowing this and perhaps not 
being able to design a machine to meet all the correct require- 
ments, have designed their machines to produce as nearly a per- 


1 Published as paper MSP-59-1, by Charles J. Starr, in the April, 
1937, issue of the A.S.M.E. Transactions. 

? Engineer, Engineering General Department, General Electric 
Company, Schenectady, N. Y. Mem. A.S.M.E. 


fect point on a drill as possible, in the intermediate sizes, and 
the errors on sizes smaller and larger would increase accordingly 
but would still have ample clearance. When hand-pointing 
drills, the operator inflects a peculiar motion to his wrist and 
elbow which changes for various diameter drills. The designer 
of drill-pointing machines designs his machine to impart this 
motion as nearly as possible for the intermediate size of drill within 
the range of the machine, and sizes smaller and larger will vary 
on lip clearance and this clearance will permit free cutting but 
may not give the most efficient drill point for endurance. 
Mention is made of drills ground on machine E, Fig. 24, and 
shows that “the method of holding the drill, or. method of lo- 
cating the drill on the holder is such that the operator can make 
a mistake and not clamp all drills the same.” As pointed out, 
the writer’s experience has been very similar and would add that 
if the operator does not allow the grinding wheel to ‘‘spark out,” 
that is, grind until no sparks can be seen, incorrect lip clearance 
and unequal lip lengths will be the result. 
On page 207 of the published paper the author mentions an 
increase of 110 per cent in cutting life of a */s-in. drill with rounded 
corners. The writer’s experience did not show quite as much 
an increase for rounded corners, but an increase of 30 per cent 
in inches drilled was noted as the results of a test drilling steel, 
using a drill with a 118-deg point angle and 6-deg lip clearance. 
The beveling or rounding of the corners on the periphery of drills 
should be more widely adopted for steel as tests indicate that it 
is the sharp corner on the periphery that breaks down or dulls 
before the chisel point or cutting lip. Manufacturers of drill- 
grinding equipment should give this serious consideration when 
designing drill-grinding machines. 
It is not surprising to know that there was not a noticeable 
increase in torque or thrust resulting from grinding on the sev- 
eral machines. This could not be expected as long as the helix 
angle or spiral of drill was not changed. It would not be ex- 
pected that there would be any noticeable change in torque or 
thrust as long as there was no rubbing or dragging on the clear- 
ance angle. 
In the writer’s tests previously referred to, data were collected 
on the results obtained by the machine pointing of drills. In 
connection with this, we tried out four makes of machines with 
various results. We found that properly to grind a drill, it re- 
quired more than putting the drill into the machine; it also re- 
quired some means of measuring the degree of accuracy of the 
drill point when ground. 
For practical shop work, there are two types of measuring in- 
struments, the optical and the protractor type. The optical 
type was eliminated because (1) more than one size was required 
for the range of drill sizes, (2) it was not adjustable for any angle 
of point, (3) it had no means for checking lip-clearance angle or 
chisel-point width, and (4) the cost was so high that it was pro- 
hibited for shop use. Therefore, a special protractor was made 
which met all requirements and was very low in cost. 
Everyone will agree that machine sharpening of drills is de- 
sirable. One manufacturer of drill point grinding machines has 
issued a chart showing the results obtained by machine point- 
ing of drills as follows: (1) 60 per cent more grinds per drill; 
(2) 82 per cent more holes per grind; and (3) 95 per cent more 
holes per drill. For our conditions we found these percentages 
a little high, but the percentage will vary, depending upon the 
conditions under which the drills operate. 
As a rule, drill-grinding machines, also point- or web-thinning 
machines, are not designed to grind other than standard points 
and clearances. 
To point out what the writer has said in regard to machine 
design, a check was made of one make of grinder and, in order to 
maintain a chisel-edge angle of 134 deg to 135 deg on five drills, 
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TABLE 1 INCLUDED POINT ANGLES AND LIP CLEARANCES 
OBTAINED WITH ee: MAINTAINED AT 134 TO 


Lip clearance 


Included point angle at pe- 
Drill size, in. angle, deg riphery, deg 
126 ll 
TH 118 10 
15/16 123 6 
1/4 120 4 
ii, 132 8 


or L PERFORMANCE WITH VARIOUS DRILL-POINT 


TABLE 2 
NGLES AND 6 DEG LIP CLEARANCE 


Per cent increase 


Point angle, Stock drilled using 118-deg angle 


eg per grind, in. as 100 per cent 
118 27.6 100 

110 54.5 197 

90 53.9 191 

85 67.0 240 


TABLE 3 DRILL PERFORMANCE WITH VARIOUS DRILL-POINT 
ANGLES AND 12-DEG LIP CLEARANCE 


Per cent increase 


Point angle, Stock drilled using 118-deg angle 
deg per grind, in. as 100 per cent 
90 59 213 
85 91 333 
70 571 2067 
65 411 1487 
60 119 430 


the results given in Table 1 of this discussion were obtained. 
You will note that in only one case it was possible to grind a 
standard clearance of 6 deg, maintaining a chisel-point angle 
of 135 deg. Also note the variation in point angle; the difference 
in flute angle was mainly responsible for these results, but it 
brings out the fact that provision should be incorporated in the 
grinder for making adjustment to compensate for difference in 
flute angle. Considerable changes were made in these machines 
in order to carry out our experiments on point angles. 

The 118-deg included angle is generally accepted as a standard 
for the average drilling jobs. We found from shop tests on cast 
iron that angles less than this gave better performance as to 
drill life per grind. No information being available, we started 
by increasing the drill point angles slightly; the results obtained 
showed a marked increase in holes per grind. By gradually de- 
creasing the point angle, the results given in Table 2 of this dis- 
cussion were obtained. As a result of this test, it was decided 
that perhaps by increasing the lip clearance, better results would 
be had. It was decided to increase the lip clearance to 12 deg 
and gradually decrease the point angle. The results of doing 
this are given in Table 3 of this discussion. 

As a result of this test we have adopted the 70-deg point angle 
with 12 deg lip clearance as standard for cast iron, both for thin 
wall sections and deep-hole drilling. 

It is our intention to carry our investigation further as we 
have found the 70-deg included point angle with 12-deg clearance 
did not give the same results drilling malleable iron. In the 
drilling of steel we have found that a 130-deg point angle with 
6 deg lip clearance gave better results than a point angle of 
118 deg with 6 deg lip clearance. 

The advantages and results obtained by the machine pointing 
drill cannot be denied and it is our hope that more consideration 
will be given by the drill manufacturer to the machine pointing 
of drills. Also considerable improvements can be made in drill- 
pointing and thinning machines which can be accomplished by 
the cooperation of the drill and grinding-machine manufacturer. 


Max KronenBerG.’ The author has stated that too much 
clearance is ground near the circumference of twist drills and 
suggests so-called “correct angles,’ about which the writer 
wishes to comment. 


3 Research Department, The Cincinnati Milling Machine Com- 
pany, Cincinnati, Ohio. 


JANUARY, 1938 
adivs a= 
| (Diameter 2) 


~ 
€ /s Constant 


Dust 
Accumulated 


€ Decreases 


Drill 


x 


D5 for e Increases 


Stee/ 


Fig. 1 Raptat AND CrrcuLAR CLEARANCE ANGLES 


The writer believes that clearance angles in both radial and 
circular directions are to be distinguished, as shown by the per- 
spective sketch in Fig. 1 of this discussion, the radial direction 
being indicated by the lines a, b, and c while the circular direc- 
tion is indicated by the circles 1, 2, and 3. Considering the 
sketch below it, which is a developed path of the cutting edge, 
we see that the cutting process of a twist drill corresponds to that 
of a planing tool; however, the angle 8 is formed in the case 
of a twist drill by the feed. Therefore, for free cutting we 
obtain the condition that the clearance angle « must be greater 
than the feed angle 8. 

To the left of Fig. 1 of this discussion are the developed paths 
of three different points, corresponding to the circles 1, 2, and 3 
on the cutting-edge radius a. The upper one of these drawings, 
which refers to the outside diameter 1 of the drill, shows the 
clearance angle «,; the rake angle a and the tool angle; h is 
the pitch of the twist drill. 

The rake angle a on the outside diameter is always equal to 
the angle of the lead of the drill, which usually is 30 deg. 

For a diameter of the drill closer to the center, shown in the 
sketch under diameter 2 (radial) of Fig. 1 of this discussion the 
angles, a, 8 (not shown), and e must change their value, while the 
pitch A naturally semains constant. The rake angle a decreases, 
while the feed angle 8 increases; therefore, the clearance angle 
e must also increase, in order to avoid contact between the re- 
maining material in the hole and the clearance face of the drill. 
The closer we come to the center, the greater becomes ¢ and the 
smaller a becomes, as is to be seen from the sketch for diameter 
3 if compared with the sketches for diameters 1 and 2. 

The values for angle ¢ given in Fig. 1 of this discussion are those 
which have been found to give best cutting conditions of the drill 
and which are mostly used: The clearance ¢ should be 6 deg at 
the outside diameter 1 of the tool and 24 deg close to the center, 
this being an increase of 18 deg. This increase of 18 deg holds 
good for large as well as for small twist drills. The rake angle 
a decreases according to the formula 


Cot a, = (D,/D:z)cot a; 
The smallest circle on a twist drill is usually about 0.15 times the 
outside diameter, thus we obtain 


D, V3 
ta, = ——— = ll. 
colt 0.15 D, 11.5 
or a; = 5 deg; which means a rake angle of 5 deg close to the 


center as against 30 deg on the outside diameter, the difference 
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being a 25-deg decrease. Comparing this decrease of the rake 
angle a of 25 deg with the usual increase of the clearance angle e, 
which was from 6 deg to 24 deg, or 18 deg, indicates that the tool 
angle y increases only by a small amount, i.e., by the difference 
25—18 or 7 deg. This is only a change of the tool angle y along 
the cutting edge of about 13 per cent, as against 300 per cent in- 
crease of angle e and a corresponding decrease of angle a. 

The values given by the author indicate that the inside clear- 
ance angle «6, of the 1-in. diameter drills, correspond nearly to 
actual practice if ground on the machines A, B, and C, that is, 
es for these three machines would be 23 deg 25 min for machine A, 
27 deg 53 min for machine B, and 26 deg 7 min for machine C. 
The outside clearance angle « ground on machines A and B can 
also be regarded as normal, in accordance with the usual practice, 
since for these two machines « is 8 deg 12 min and 7 deg 11 min, 
respectively, while the angle « ground on machine C is 12 deg 
44 min, which is too large as the author stated. Especially bad 
are the angles ¢ of the */,-in. diameter drill ground on machine B, 
which gives a negative outside clearance angle « of 4 deg 47 min 
and a too small angle on the inside diameter where «; is 16 deg 
58 min. In the case of machine E, the change of angle « is even 
so bad as to be inverse to what is required, as it decreases from 
‘22 deg 56 min at the outside to 20 deg 12 min at the inside, instead 
of increasing in this direction. 

Besides considering the clearance angle in the direction of the 
radii, they should also be considered along circles. This has been 
shown on the right-hand side of Fig. 1 of this discussion. Here 
circle 2 is drawn as a development for three different trends 
of «. The writer believes that sufficient attention has not 
yet been paid to this, although improvements of the twist drill 
may result from a straight outline of the clearance face, as shown 
in the top sketch on the right side of Fig. 1 of this discussion. 
In comparison with this straight line, two other possibilities are 
shown below it. This outline may be convex, which means de- 
creasing ¢, thus giving opportunity for chip accumulation or even 
for contact between the drill and the remaining material in the 
hole, although the clearance angle « at the cutting edge may have 
been all right. Another possibility, as shown in the third sketch 
at the right-hand side of Fig. 1, isa concave clearance face. In 
this case the tool is uselessly weakened, its resistance against the 
cutting pressure and the heat conductivity are worse than for a 
straight line, therefore the straight line should be the best one 
for the twist drill. This means a constant clearance angle along 
every circle. 

The author puts the question: ‘‘What should be the correct 
angle?” and assumes that 7 deg should always be added to the 
feed angle 8, thus obtaining a clearance angle of 7 deg 35 min on 
the outside diameter and of 9 deg 20 min on the inside diameter 
on the */s-in. diameter drill and from 7 deg 43 min to 11 deg 39 
min on the 1-in. diameter drill. He determined the angle 8 from 
average values for the feed used in practice. 

As to the permissible feed for different drills and materials, 
reference may be made to an investigation published in the Lon- 
don edition of Machinery, February 14, 1935, page 661 ff, and 
dealing in permissible stresses and feeds, the moment of resistance 
cutting pressure and torque. The formula for the permissible 
feed s is given in Fig. 1 of this discussion indicating that this per- 
missible feed (as far as the drill itself is concerned—besides this 
also the permissible feed according to rigidity of the machine has 
been investigated) increases with the 1.5 power of the outside 
diameter D, of the drill, while the value of Cx. in the denomina- 
tor depends upon the material to be drilled. Introducing this 
formula for the feed into that of the feed angle 8 one obtains: 


tan Bmax = </D,/25.7 


(for 35-ton steel) indicating that the maximum feed angle in- 
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creases in proportion to the root of the outside diameter of the 
drill. One finds that, for instance, for a drill of 2 in. diameter if 
drilling steel of 35 tons, the necessary maximum feed angle 8 
would not be greater than about 4 deg. This indicates that it 
would not be necessary to give a larger clearance angle in this 
case than 5 deg (1 deg more than 8) cr that an increase of about 
4.5 deg in « would be sufficient, if « would only depend on the 
feed angle 8, but this is not the case. 

An addition of 7 deg to Bmax as suggested by the author is 
therefore not consistent. In order to explain this, reference may 
be made to Fig. 2 of this discussion where the web of the twist 
drill is shown. It is characteristic of the twist drill that the 
cutting at the web is one of the worst conditions in all fields of 
metal cutting, due to the fact that the rake angle @ is negative 
for a very large amount. Thus, the chip is not cut, but rather 
torn. Investigations have shown that 65 per cent of the feed 
cutting pressure is due to the web. Therefore, in actual prac- 
tice before drilling a large diameter, a small twist drill is used, 
thus taking out that material which would be torn by the web 
by a large drill. This high percentage of the cutting pressure 
which is created by the web, indicates the special importance of 
the rake angle of the web for cutting process. Investigations 
have shown furthermore that the angle w should be smaller than 
145 deg to obtain a sufficiently good cutting as far as it is possible 
under these conditions. 

The angle w is a function of the clearance angle ¢ close to the 
web (for instance, of ¢, as shown by section BB in Fig. 2 of this 
discussion). In order to obtain an angle w smaller than 145 deg 
it is necessary that the clearance angle ¢; be much larger than 
9 deg or 11 deg 39 min as suggested by the author. It should be 
about 24 deg although as yet no tests are known in which the re- 
lation between ¢ and w have been mathematically and practically 
investigated. However, we know from practice that the correct 
value of ¢ cannot be obtained by merely adding a constant angle 
to 8. 

In determining the clearance angle and its change along the 
cutting edges and along the circles, it is therefore necessary to 
consider the action at the web. It is naturally not possible to 
always have a 24-deg clearance angle along the cutting edge, due 
to the fact that in this case there will be a much too weak tool 
angle y at the outside diameter, bad heat conductivity, and a 
breaking off of the corners. 

In concluding this discussion, the writer would like to give some 
suggestions for further development: 

One should develop the mathematical relations between the 
clearance angles and the rake angle at the web, and tests should 
be undertaken to determine the best increase of ¢ in relation to 
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w. Important improvement of the twist drill would be possible 
by such studies, because we are really only at the beginning of the 
development of this tool. 

We may perhaps come to new twist drills; for example, to (1) 
those with arcuate cutting edges which take care of a good chip 
flow for this rotating tool with its different speeds at all points 
of the cutting edge, and (2) drills with clearance angles which 
give as much rigidity and tool life as possible. This would es- 
pecially be of highest interest for the use of cemented-carbide 
twist drills, which are much more sensitive than high-speed steel 
drills and for drilling the new materials which are being devel- 
oped. 


AvutTHOoR’s CLOSURE 


No attempt was made in the paper to set down a definite form 
for the surface of the lip-clearance angle. This point was well 
brought out by J. C. Hinton of William Sellers snd Company, 
Inc., Philadelphia, Pa., in his remarks at the meeting where the 
paper was presented, when he stated that each job contained its 
own problem and it was necessary to grind the drill to suit these 
conditions. 

The comments by Mr. Forbes are most interesting, especially 
those relative to the study he has made of changing of the point 
angle from 118 deg and the results he obtained. The author be- 
lieves that a change from a 118-deg point angle to an angle of 
70, 65, or 60 deg is similar to the act of rounding or beveling the 
corners. 

Mr. Kronenberg’s study of this subject brings out many in- 
teresting points in a clear and concise way. He makes reference 
to the fact that “in actual practice before drilling a large diameter, 
a small twist drill is used.” While this is more or less common 
practice, the author believes that such practice does not allow 
the large drill to clear itself as it would if drilling from the solid 
metal, and an excess of wear takes place in the drill margins be- 
cause the drill is not as likely to cut larger than itself as it will if 
the small hole is not drilled. 

At the meeting where the paper was presented, a remark was 
made to the effect that according to the latest proposed American 
Standard for Twist Drills, the term ‘‘clearance’”’ should not be 
used. It was stated that this term should be “relief.” The author 
has a copy of the tentative draft of this proposed standard, as of 
July, 1937, and in this list, the term “relief”’ does not occur. The 
word “clearance” is used throughout. 

Possibly some may think that a study of this subject is of a 
trivial nature and does not warrant the time and space given to 
it. It does appear, however, that any study of this or a similar 
subject is warranted if longer tool life as well as better tool per- 
formance can be accomplished. 


Operating-Cost Analysis of 
Electrified Oil Lines’ 


A. N. Horne,? The paper as a whole presents a very fair and 
unbiased record of the operating factors involved in the problem 
discussed by the author. It is difficult to make a very close com- 
parison between the two pipe-line systems because of the differ- 
ences in viscosity of the crude handled, the pumping distances, 
the pumping rates, and the differences in elevation. By com- 
parison, the lower-gravity crude tends to increase the disparity 
between the load factors and between the efficiencies of the 
centrifugal and plunger pumps. 


1 Published as paper PME-59-2, by W. H. Stueve, in the April, 
1937, issue of the A.S.M.E. Transactions. 

2? Manager, Empire Pipe Line Co., Bartlesville, Okla. Mem. 
A.S.M.E. 
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TABLE! CALCULATIONS 4 AND 5 OF THE AUTHOR'S 


(1) Case 4: 


bbl X 0.00048 _ 17500 X 655 X 0.00408 = 


Hyd hp = 196 
Motor input, hp = brake hp/motor eff = 204/0.85 =............ 240 
Pump losses, hp = brake hp — hyd. hp = 204 — 196 =.......... 8 
Motor losses, hp = motor hp — brake hp = 243 — 204 =........ 39 
(2) Case 5: 
bbl X Ib X 0.000408 _ 17500 X 218 & 0.000408 
Hyd hp = 34 
osses at three stations, hp = 8 X 24 
Motor losses at three hp = 39 X 3 117 
for case 5 should be as follows: 
Pump eff, per 89 


Referring to the data for the Alpha pipe line in April, 1933, 
given in Table 1 of the paper, it will be noted that the author 
gives the pump efficiency as 55 per cent. There must be some 
error in data or calculation since this efficiency of 55 per cent does 
not compare favorably with the efficiencies for the other four 
cases on the Alpha line; the comparison should be favorable 
because the efficiency of a plunger pump is nearly uniform under a 
wide range of conditions. The comparison between case 4 for 
January, 1932, and case 5 for April, 1933, are out of line; the 
calculations probably should be as in Table 1 of this discussion. 

The author shows an input of 595 hp, and blames the pump, 
when the results of case 5 should be calculated as given in the 
third section of Table 1 of this discussion. Otherwise, if the in- 
put of 595 hp is used, the motor efficiency would be (220/595) 
100 or 37 per cent. 

The advantages of plunger pumps over centrifugal pumps, as 
set out in Table 2 of the paper are obvious, although the differ- 
ences are much smaller with later-type centrifugal pumps. How- 
ever, there are conditions that warrant the installation of cen- 
trifugal pumps. 

The comparison of the oil engine and the induction motor given 
in Table 3 of the paper shows a fair average of the various factors, 
with the exception of the item of labor, which is the same figure 
each year, regardless of the amount of oil pumped or actual time 
operated, and lubrication, which is not included in part (6) of the 
table. The investment figures in both cases are higher than 
present-day averages. This comparison does not allow for 
possibilities of salvaging a portion of the equipment when the 
capacity factor decreases. The trend in design now is to install 
pumping capacity in smaller units to allow for this eventuality, 
and development of the smaller Diesels will hasten the trend in 
the smaller stations. 

At this point, a comparison of oil-engine centrifugal equipment 
with the oil-engine plunger, and induction-motor plunger equip- 
ment would be interesting. 

The economy of larger lines is obvious as to cost per barrel of 
oil transported. However, it might be interesting to know that 
data are available showing that a 14-in. line is not economical un- 
der any condition as an oil trunk line. 

The author’s conclusions as to the economies of electric versus 
Diesel costs are, of course, susceptible to argument. 


AvuTHOR’s CLOSURE 


The discussion presented and referred to is principally directed 
to results shown in case 5 of Table 1, of the paper, wherein 
the plunger-pump efficiency was calculated as being 55 per cent 
when one pump in each of the three pump stations of the Alpha 
pipe line was pumping 17,500 bbl per day during April, 1933. 
A comparison is made with the results obtained in January, 
1932 when the volumes and total pressure required are the same, 
which is termed as case 4. 
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In case 4 the total pressure exerted by the one pump, which 
pumps the entire distance of 191.4 miles, is 655 lb per sq in.; 
whereas, in case 5 one pump in each of the three pump stations 
is operated and the pressure exerted by each pump is only !/3 of 
655 or 218 lb per sq in. In case 4 the fluid load on one pump is 
196 theoretical horsepower, and the motor will have a shaft load 
slightly in excess of */; of its rated full load; whereas, in case 5 
each of the three motors will have a shaft load slightly in excess 
of '/, of the rated full load, which rating of the motors is 300 
shaft hp in both cases. 

The manufacturer’s efficiency guarantee of standard 300-hp, 
585-rpm, 3-phase, 2200-volt motors is given as follows: full 
load 92 per cent, */, load 90.7 per cent, '/: load 89 per cent, and 
1/, load approximately 70 per cent, which values at '/, and 1/, 
loads are somewhat higher than the values used for efficiency 
determination in Table 1 of the original paper, in an effort to 
favor slightly the pump efficiencies so determined. 

By using a constant motor loss of about 39 hp for both con- 
ditions of pumping, when the motor load is approximately ?/; on 
one motor and '/, of the full-load rating on each of three motors, 
the discussion questions the authenticity of the data contained 
in Table 1 of the original paper and suggests that the average 
electrical input should be 337 hp per hr instead of 595 hp aver- 
age per hr. In effect this would change the 320,000 kwhr con- 
sumed to 182,000 kwhr consumed per month total in the three 
stations for April, 1933, as indicated in Table 1. 

The submitted data for the April, 1933, period were checked 
again and found to be substantially correct as given originally. 

Thus, with an admitted fluid-load work performed of 17,500 
bbl per day and a total line pressure required at this rate of 
655 lb per sq in. (218 lb per sq in. per station), the total theoreti- 
cal horsepower is 196, giving an over-all efficiency of pump and 
motor combined of 196/595 or 33 per cent. The manufacturer’s 
guarantee is about 70 per cent efficiency of the motor at '/; full 
load, the actual load on each of the three motors, whereas, 60 
per cent was used in the original paper and, therefore, the pump 
efficiency is either 47 per cent or 55 per cent depending on which 
motor efficiency is used. 

Therefore, the conclusions reached in the original article can 
be construed as being substantially correct, in that when plunger 
pumps are operated against maximum design pressures of about 
700 Ib per sq in., the mechanical efficiencies are very good and 
of the order of 96 per cent; however, when this same pump is 
operated against low pressures of about 200 Ib per sq in., or '/; 
the design pressure, the mechanical efficiencies fall to a low value 
of about 50 per cent. Apparently the losses are greater in the 
pumps than ordinarily expected. 

In the comparison of pumping conditions shown in Table 3, 
using oil engines operating plunger pumps and electric induction 
motors operating plunger pumps for the Omega line, the dis- 
cussion agrees to all costs used in a sense, but criticizes the method 
of using constant values of labor costs from year to year. The 
record in the case of the Omega line from Fig. 2 indicates that 
intermediate stations were shut down and by-passed for several 
months in 1933 and seven months in 1934, but at no time during 
these periods was the duration of shutdown longer than three 
months. It is inconceivable to assume that the operating 
crews at the by-passed stations would be discharged or trans- 
ferred elsewhere for these short periods of time and then re- 
hired, for the pipe-line operators as a general rule do not follow 
this procedure. Furthermore, the electric stations in Table 3 
were charged also with a full operating crew year after year. 

It is admitted that investment charges used in Table 3 are 
higher than present-day averages, however, the practice in 1928, 
when the Omega line was built, did not contemplate the use of 
oil engines to operate centrifugal pumps. If a comparison were 


desired, using oil engines operating centrifugal pumps, it would 
be proper to make this comparison with electric-motor-operated 
centrifugal pumps. This method of comparison would tend to 
lower the cost per barrel pumped, but the results obtained 
would remain in practically the same proportions between the 
two methods as indicated in Table 3. 

It is admitted that lubrication costs were omitted from the 
electric-motor pumping costs for the reason that it represents 
such a small amount and ordinarily is neglected. 

Salvage value of original equipment installed in pump stations 
for main lines should not be considered as an offset to first cost 
until a definite location for the salvaged equipment can be 
selected, which would permit its operation to begin to earn a 
return on the reinstalled value. There is nothing in the record 
of the Omega line to indicate they would ever consider salvaging 
any portion of the equipment. 

The discussion states that the trend in design now is to con- 
sider smaller units of a greater number in order that salvage can 
be accomplished better later on as the pumping-capacity factor 
decreases. This trend may be true with respect to gathering 
stations from a given oil field, but in the design of main-line 
stations this trend to smaller and a greater number of units is 
not apparent, based on the record of recent installations. 

The discussion makes the point that 14-in. pipe is not economi- 
cal for any capacity desired. This is true, but calculations dis- 
close that 16-in. pipe is economical for larger capacities of the 
order of 60,000 to 75,000 bbl per day. The conclusion is reached 
that the most economic velocity at which to pump oil through 
pipe lines is of the order of 3 ft per sec, and justifies the use of 
16-in. pipe as the next size larger than 12-in. pipe. 

It is true that any operating-cost statement drawing a com- 
parison between engines and motors is subject to argument. 
However, the sole purpose of the author in presenting the paper 
was to draw to the attention of engineers, interested in pipe-line 
design, the true history or past performance of existing pipe 
lines, that they might perceive actual fluctuations in the rate of 
pumping over a period of years, and to show by a comparison of 
the generally accepted methods of pumping (engines or motors) 
how delivery costs are affected by such fluctuations. The 
author, in compiling the cost-of-pumping tables used through- 
out the paper, merely wished to bring to the attention of design 
engineers all the items of operating cost which necessarily should 
be taken into account to arrive at valid economic conclusions, 
in the selection of proper prime movers and pipe sizes. 

Executives and design engineers have been prone to work 
on the theory that a contemplated new pipe line would operate 
at high capacity factor throughout its entire life, but the operat- 
ing characteristics from Figs. 1 and 2, for the Alpha and the 
Omega lines, respectively, show how far wrong they may be. 


Application of Tension-Impact 
Tests’ 


E. Ditton Smirn.? Perhaps the most difficult mechanics 
problem that demands urgent solution is the theory of impact 
forces and their relation to static theory. However, the writer is 
of the opinion that the paper under discussion, and those of H. C. 
Mann which are referred to by the author, are based on misinter- 
pretation and faulty experiment, and therefore are apt to mis- 
guide those whose knowledge of the subject is limited. 

The author has not defended the arguments presented in the 


1 Published as paper IS-59-2, by G. F. Jenks, in the May, 1937, 
issue of the A.S.M.E. Transactions. 
? Assistant to the President, Transcontinental & Western Air, Inc., 
Kansas, City, Mo. Mem. A.S.M.E. 
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paper, but instead bases his statements on Mann’s papers;* 
therefore, the writer will comment on Mann’s work, which com- 
ments will consequently serve as discussion of the author’s paper. 
It is the writer’s intention to show that either the Newtonian con- 
cepts of mechanics are wrong or Mann and Jenks’ fundamental 
assumptions and data are in error; however, the writer will con- 
fine his comments to what he believes are the erroneous funda- 
mental assumptions and data advanced by Mann and Jenks. 

First. Mann states:5 ‘A material has the capacity of absorb- 
ing a limited amount of energy per unit volume.” Concerning 
two tension specimens of the same cross-sectional area, but with 
one twice the length of the other (where the shorter specimen 
ruptured with “approximately 1300 ft-lb of energy’ and the 
longer “specimen absorbed the total energy capacity of the test- 
ing machine, 2170 ft-lb, and merely elongated but was not rup- 
tured), Mann states: ‘This indicates in greatly magnified form 
that slight dimensional variations, particularly in the case of the 
notched type of specimen generally used, may result in consider- 
able variation in the participating volume, and therefore in the 
total energy values obtained.” Mann also states:® “The 
work involved in producing deformation depends on force, time, 
and space, and therefore must be independent of the magnitude 
of the applied force.” The writer asks: How can work depending 
on force be independent of force? 

There are two explanations that Mann and Jenks fail to give: 
(1) Since the static proportional limit of the material in the two 
specimens is the same it therefore follows that the modulus of 
resilience is the same, as well as their toughness at the elastic 
limit. But the resistance of these two specimens to an energy 
load depends not only on the maximum unit stress but also (a) 
on the distribution of the stress throughout the body, and (b) on 
the volume of the specimen. Therefore, the longer specimen 
should take twice the energy loading before rupture; this being 
true, nothing new is either “magnified’’ or demonstrated by 
the author or Mann. (2) Asthespecimen increases in length the 
cushioning effect of the impacting force increases. In the case 
of the longer specimen this cushioning effect is greater, with the 
result that the hammer has a lesser deceleration and likewise a 
lesser maximum force, which may not cause rupture. In fact, 
it is easy to show that the two specimens will rupture in tension 
at the same force value, but the elongation of the longer will be 
twice that of the shorter and therefore the energy absorbed by the 
longer specimen will be twice that of the shorter one. 

Second. Mann also states:? “When similar specimens are 
tested under both static and dynamic conditions, it is found that 
the energy value obtained from the impact test is greater than 
the value of external energy as determined from the static test.’’ 
This result was based on the comparison of the integration of the 
load-elongation curve for the static method of loading with the dy- 
namic energy value. In the static test, “the progress of the 
deformation to rupture is carried out in a series of steps.’”’ The 
curve was plotted and integrated as “the total amount (of energy) 
imparted to the specimen.” The writer contends that two fal- 
lacies underlie this conclusion; these are (1) the research method 
employed has an extremely large probable error that has not been 
taken into account, and (2) even granting for the moment that 


3 ‘*The Relation Between the Tension Static and Dynamic Tests,” 
by H. C. Mann, Proceedings of the American Society for Testing 
Materials, vol. 35, part 2, 1935, p. 323. 

4“High Velocity Tension-Impact Tests,’’ by H. C. Mann, Pro- 
ceedings of the American Society for Testing Materials, vol. 36, part 
2, 1936, p. 85. 

5 “The Relation Between the Tension Static and Dynamic Tests,” 
by H. C. Mann, Proceedings of the American Society for Testing 
Materials, vol. 35, part 2, 1935, p. 324. 

6 Ibid., p. 335. 

7 Tbid., p. 326. 


JANUARY, 1938 


the technique is satisfactory, which the writer does not concede, 
the progressive plot of the event is not a continuous function, 
but rather is discontinuous. A satisfactory method of discon- 
tinuous-function integration is by Stieltjes integrals. Results of 
tests from several sources show these statements to be true. 

Third. Tests conducted at the Watertown Arsenal have shown 
that “the energy value obtained from the impact test is greater 
than the value of external energy as determined from static 
tests.” This is explained in terms of temperature rise in the 
specimen as an inverse linear function of the change in the 
specimen area. This temperature rise was then equated to the 
total heat evolved, which “was approximately the same in both 
static and dynamic tests.’’* This in turn was evaluated as en- 
ergy, and was 90 per cent of the external static energy. The re- 
maining 10 per cent is explained as “the conversion of the internal 
potential to kinetic energy, manifested as increased elastic 
strength.” The real-stress or “potential’’-stress curve is then 
added to the load-elongation curve to give the total work; the 
difference of the areas under the real-stress curve and the load- 
elongation curve is said to be the internal potential energy of the 
material. Suppose this circular reasoning to be satisfactory. 
The fallacies here presented are (1) association of the common use 
of the terms “potential’’ and “kinetic”? energy with internal 
changes of the material, and (2) accepting the foregoing at its 
face value, it is difficult to accept the additive value of “converted 
energy” to the externally applied energy of the static test. This 
simply means, as Werring® has suggested in his discussion of the 
Mann paper,’ that the internal energy aided in its own breaking. 
That external energy dynamically applied is less exclusively ex- 
ternal than in the slower moving static-testing machine, has not 
been explained either. If the rupture heats were the same, as- 
suming Mann and Jenks’ reasoning to be correct, why not 
claim that the dynamically broken specimen has an exherent 
energy as opposed to the “inherent energy converted from potential 
to kinetic and manifested as (negative) increased elastic strength”’ 
to account for the weakness of materials under impact loads? 

Fourth. In the influence of velocity of the application of the 
load to the specimen in tension-impact testing, certain assump- 
tions have been made from which an equation has been developed 
for the determination of the energy required for rupture, and from 
which certain test data applied to this formula resulted in certain 
definite conclusions. These conclusions can be no more valid 
than the assumptions upon which they are based. Now the 
testing method upon which the author’s conclusions are based is 
composed of an energy-measuring system connected to the ki- 
netic-energy system through the test specimen. “During the 
process of rupture, the kinetic-energy system moves away from the 
energy-measuring system at a velocity V producing at the same 
time an equal and opposite force at each end of the test specimen. 
This force is not constant but varies throughout the process of 
rupture. Since the work done on the test specimen is equal to 
the force F times the space through which it moves dE = FdS also 
dS=Vdi=rdt...... substituting dE=Frdt.” Integrating be- 
tween the limits O to t gives the energy E “required to rupture 
the test specimen.”'® The fallacy herein lies in the assumption 
that the velocity of the striking device is constant." 

Fifth. The theory for evaluating the test results takes into 
account the inertia effects of the wheel and pendulum but not. 


8“*The Relation Between the Tension Static and Dynamic Tests,” 
by H. C. Mann, Proceedings of the American Society for Testing 
Materials, vol. 35, part 2, 1935, p. 328. 

Ibid., p. 337. 

10 ‘High Velocity Tension Impact Tests,’’ by H. C. Mann, Proceed- 
ings, American Society for Testing Materials, vol. 36, part 2, 1936, p. 95. 

11 Discussion by E. Dillon Smith of the paper: ‘Allowable Work- 
ing Stresses Under Impact,’’ by N. N. Davidenkoff, Trans. A.S.M.E., 
vol. 56, 1934, paper APM-56-1, pp. 102-104. 
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the inertia effects of the specimen, presenting another error as 
was mentioned by Withey'? and Smith" in their discussion of the 
Mann paper.‘ 

Sizth. Mann and Jenks’ equation, which determines the actual 
amount of energy to rupture the test specimen, is primarily a 
function of the quantity l-cos 6, where @ is the angle of pendu- 
lum swing. On the face of it this is in error. For example, 
when the striking velocity of the pawls on the tup is such that 
the pendulum moves through exactly 90 deg the energy will be a 
maximum, and on the other hand if the velocity’ be so high that 
no swing is recorded the rupture energy is zero. This latter 
condition can occur, as Smith and Withey have again shown." 
Further, at high wheel velocities, the elastic deformation of 
the pendulum probably accounts for the peculiar diminishing 
shape of the transition curves. 

Seventh. Jenks and Mann’s curves are to be suspected statis- 
tically because of the regularity of the data falling exactly on the 
fitted trend line. 

Eighth. No data are presented from which other research 
workers can check the statements and conclusions that have been 
presented either by Mann or the author. Their conclusions do 
not follow from their statements and arguments. In the writer’s 
opinion, the data that are given are without significance because 
of the faulty research technique; those data presented in the 
form of graphs are not significant for the reason already presented. 


G. R. Bropny.'* The writer noticed with considerable in- 
terest the wide variation in critical velocities exhibited by dif- 
ferent steels and particularly the great influence which heat- 
treatment has upon this property. Fig. 3 of the paper illus- 
trates the latter point remarkably by the fivefold improvement 
resulting from quenching and drawing and the twofold increase 
from raising the drawing temperature from 400 to 1200 F. 

Past experience with transverse notch-bar tests at low veloci- 
ties indicates also that the energy required to fracture a steel 
when quenched and drawn at 1200 F, for instance, is considerably 
greater than that required to fracture it in the annealed con- 
dition. It seems rather peculiar, therefore, that so little differ- 
ence is found between the energies required to fracture the 
quenched and drawn 2340-steel of Fig. 1 of the paper and, pre- 
sumably, the same steel in the annealed condition of Fig. 2. It 
is possible that either the draw temperature was too low to de- 
velop the maximum resistance to fracture, or the drawing tem- 
perature exceeded the lower critical temperature of the steel. If 
either of these conditions be true, then according to Fig. 3 a 
higher critical velocity might be expected with a more favorable 
draw temperature. 

The results presented would lend themselves to interpretation 
more readily if the details of heat-treatment were known. 


T. McLean Jasper.'® When it is realized, after so many 
years of experience with the Charpy and Izod notched-bar trans- 
verse-bend tests that there is such a controversial attitude to- 
ward the importance of such tests among experienced engineers, 
there is no question but that the test as a fundamental method 
for material acceptance is lacking in precision and ability to 
measure the energy-absorbing service requirements to metals. 
This does not mean that the varying-velocity tension-impact 
tests will completely remedy the criticisms which are applied by 


12 Discussion by M. O. Withey of the paper: ‘‘High Velocity 
Tension-Impact Tests,’’ by H. C. Mann, Proceedings of the Ameri- 
can Society for Testing Materials, vol. 36, part 2, 1936, p. 102. 

13 Ibid., p. 103. 

14 Research Laboratories, The International Nickel Company, Inc., 
Bayonne, N. J. 

18 Director of Research, A. O. Smith Corporation, Milwaukee, Wis. 
Mem. A.S.M.E. 


the writer to the transverse-bending impact test. It is, however, 
a testimonial admission of greater reliance on the tension-impact 
test and an appreciation of the very valuable contribution which 
it is believed the effect of varying velocity makes to this method 
of testing. 

The fundamental service contribution of the test is an apprecia- 
tion of the effect of velocity of loading of different materials on 
their resistance to shock. The rate of stress propagation in 
steel, for instance, is approximately 16,000 fps. At very much 
lower speeds of testing than this, critical points are discovered 
which allow the designing engineer to select, for designs requiring 
energy absorption at high rates, materials better suited for such 
service. Moreover, if the engineer can evaluate the rate and 
magnitude of loading for a machine he is designing, the varying- 
velocity tension-impact test should help him select, in conjunc- 
tion with the previously mentioned information, appropriate 
design sections necessary to carry the desired loads. In this 
connection, the effect of temperature on the energy-absorbing 
quality of steel becomes of great importance in such structures as 
railroad rails, automobile shock-absorbing members and such 
other structures in which a large service variation of temperature 
can occur. 

The writer is convinced that the tension-impact test, since at 
ordinary temperatures it parallels the static energy under the 
stress-strain curve, can be used more effectively in studying 
certain items of material properties at low temperature than the 
static tension test when dynamic loading of the material may be 
expected in the service. 


D. L. Smarr.'* The work being conducted at the Watertown 
Arsenal in studying tension-impact tests should prove to be of 
great value to both research and design engineers. The dis- 
advantages of the Charpy and Izod tests are known only too 
well to those making use of them in studying the effects of service 
or of heat-treatment on the properties of steel. To those dis- 
advantages given by the author, the writer would like to add 
another; namely, the uncertainty as to the meaning of the re- 
sults obtained when specimens of varying shapes and sizes must 
be used. 

The results of tests made several years ago at the research 
laboratory of The Detroit Edison Company indicated that the 
percentage drop in Izod impact strength during high-temperature 
service, or due to an increased test temperature, may be greatly 
changed if the size of the specimen be changed. The author 
states that in tensile-impact tests the transition velocity appears 
to be independent of the notch length for notches from 0.2 in. 
long to the gage length of standard tensile specimens. The data 
presented in Table 1 of the paper show also that the impact 
energy per unit volume is independent of notch length for lengths 
of from 0.2 to 1.0 in. It would be interesting to know whether 
the transition velocity and the impact energy per unit volume 
are also independent of the diameter of the notch, at least for 
certain ranges of diameter. 

The tensile-impact test is perhaps superior to the Charpy and 
Izod impact tests in the case of weld testing. In the latter tests, 
the location of the fracture is fixed by the location of the notch, 
whereas in tensile-impact tests the specimens can be designed 
to test a section extending from scarf to scarf or even beyond. 
Some recent results illustrate the value of this test when applied 
to welds. Welds were made in seamless steel tubing using three 
brands of electrode. Charpy and tensile-impact specimens were 
cut from each weld and from the tubing, the notches in the 
former being located at the center of the weld. Table 1 of this 
discussion gives the average test results. 


1¢ Research Department, Detroit Edison Company, Detroit, 
Mich. 
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The results of the Charpy tests failed to differentiate between 
the welds and indicated that the weld metal was stronger than 
the tubing. The latter is, of course, not at all unusual for the 
deposited metal at the center of the weld. The results of the 
tensile-impact tests, however, gave a different picture; not only 
was there a great difference in the strength of the welds but, with 
the scarf included in the specimen, none of the welds showed as 
high a strength as the tubing. The specimens from welds B 
and C, giving the lowest tensile-impact strength, broke at the 
scarf while those from weld A broke at the middle of the weld. 

The paper under discussion indicates in at least some cases that 
a transition velocity is found when materials are tested by the 
ordinary impact test. This may furnish an explanation of some 
rather unusual results obtained from tests of chrome-molybdenum 
cast steel before and after 15,000 hr of service at steam tempera- 
tures ranging from 1000 to 1100 F under conditions that imposed 
no stress on the metal. This material had the following com- 
position in percent: Carbon, 0.27; chrome, 5.20; molybdenum, 
0.62; manganese, 0.59; and silicon 0.55. During the original 
heat-treatment the material was held 5 hr at 1800 F and then 
air-quenched; held 3 hr at 1700 F and then air-quenched; and 
finally held 5 hr at 1250 F and then furnace-cooled. Table 2 
of this discussion gives the results of tests made on the material 
before and after service. 

TABLE 1 COMPARISON OF RESULTS OF TENSILE-IMPACT AND 
CHARPY-IMPACT TESTS OF WELDED TUBING 
Impact strength, ft-lb— 
Tensile Ch 


Charpy 
Material impact impact 
Tubing 132 36 
Weld A 107 46 
Weld B 42 42 
Weld C 86 42 


TABLE 2 PHYSICAL PROPERTIES OF CHROME-MOLYBDENUM 
STEEL BEFORE AND OF HIGH-TEMPERATURE 


After 15000 hr 
As of service at 
Property installed 1000 to 1100 F 
Yield point, lb per sq in..... 68700 61300 
Ultimate strength, lb per sqin......... 101500 95200 
Elongation in 2 in., per cent........... 2.7 25.8 
Reduction of area, per cent............ 53.7 55.3 
220 200 
Izod impact strength, ft-lb............. 39.5 13.4 


The unusual feature of the results given in Table 2 of this dis- 
cussion is the large drop in impact strength accompanying changes 
in tensile properties and hardness which indicate a slight an- 
nealing. A study of the grain structures of the material before 
and after service failed to reveal any changes which could ac- 
count for the drop in impact strength. The structures before 
and after service were remarkably similar, that of the heated 
material being only slightly more refined in appearance. Perhaps 
experience with impact tests at the Watertown Arsenal has been 
such as to indicate that possibly this is a case of fundamentally 
low transition velocities and a small change in the value of this 
transition velocity due to high-temperature service. Is a change 
in the critical velocity necessarily accompanied by great changes 
in the ordinary tensile properties and in the grain structure? 
The thought in mind is that the critical velocity for the material 
as installed might have been a little above the testing velocity 
and that the changes due to service, although of small magnitude, 
were sufficient to change the critical velocity to a value a little 
below the testing velocity. The impact tests were made on 
standard 0.394 X 0.394-in. V-notched Izod specimens with a 
110-ft-lb capacity machine having an impact velocity of 12.9 
fps. 


R. G. Sturm." This paper reflects the background of a great 


17 Research Engineer Physicist, Aluminum Research Laboratories, 
Aluminum Company of America, New Kensington, Pa. 
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number of tests. Perhaps some of the tests not mentioned hold 
the answers to two questions that arise from the statements in 
the paper. 

The first question is relative to the transition velocity. If 
the gage length of a given size of test specimen of a given material 
has such a pronounced effect upon the energy absorbed per unit 
of volume, as indicated in Table 1 of the paper one is led to ask 
what effect the actual size and shape of the specimen have upon 
this quantity. It would be expected that the relative dimen- 
sions of the smallest dimensions (i.e., radii of re-entrant corners) 
compared to the grain size of the material would be of great 
significance. If specimens of various proportions were used, 
one would expect to obtain different transition velocities. This 
is indicated in Figs. 6, 7, and 8 of the paper. As a result of the 
data shown in the paper one would conclude that the transition 
velocity is a function of not only the material but also of the 
specimen as well. 

The second question is relative to the energy-velocity relation 
as indicated in Figs. 1 and 2 of the paper. How reliable are the 
horizontal portions of the lines in these two figures? 

It is generally recognized that the effect of speed of testing 
upon the indicated properties of materials is not negligible. Re- 
cent tests by Quinney,'* in which complete stress-strain curves 
were obtained for a wide variation in loading speeds, show decided 
changes in material properties for various speeds of testing. In 
view of such test results one is led to question the horizontal 
portions of the lines in Figs. 1 and 2 of the paper, especially near 
the axis of zero impact velocity. Certainly the use of static 
tests, which take an appreciable length of time, is open to ques- 
tion. 

The tremendous difference between the mass of the moving 
body which would deliver only 100 ft-lb of energy at, say 10 fps, 
and the mass of the moving body which would deliver 100 ft- 
lb of energy at 250 fps is significant in a study of Tables 1 and 2 
of the paper. 

The loss in kinetic energy AKE of a moving mass may be defi- 
nitely computed as 


AKE = m(Vo? — V;*) [1] 


where m = W/g = (weight of mass) / (acceleration due to 
gravity), lb X sec*/ft; Vo = initial velocity of the mass, fps; 
and V, = final velocity of the mass, fps. With the aid of this 
equation, the masses required to deliver the previously mentioned 
energies can be compared. If we assume that the specimen just 
stops the loading mass, the weight required to deliver 100 ft-lb 
of energy at 10 fps initial velocity is 64.4 lb, while that required 
to deliver 100 ft-lb of energy at 250 fps initial velocity is 0.103 
Ib. In the first case the weight of the specimen and loading bar 
is negligible but in the latter case it is decidedly not. 

Perhaps the same weight was used for the first test as was used 
throughout the remaining tests. In this case the final velocity 
of the moving 64.4-lb weight, after delivering 100 ft-lb of energy, 
will be Vi = W/[Vo? — (2AKE/m)] = 249.8 fps. This final 
velocity is so nearly equal to the initial velocity that accurate 
measurement of the difference between them would be extremely 
difficult. 

It might also be pointed out that for an initial velocity of 10 
fps the velocity of the loading mass varies from the initial value 
to zero, whereas for an initial velocity of 250 fps the velocity 
of the loading mass is practically constant. Is the speed of 
deformation of the specimen in these cases proportional to the 
striking velocities? Such considerations lead the writer to 
question further the horizontal portions of the energy-velocity 
curves of Fig. 1 of the paper, especially that for pure iron. 


18 ‘Further Tests on the Effect of Time in Testing,” by H. Quin- 
ney, The Engineer, vol. 151, June 26, 1936, pp. 659-673. 


nm 


? 
2% 4 
g 
te 
lent 
if 
- 
Fig 
: 


DISCUSSION 95 


AvuTHoR’s CLOSURE 


The criticism of Professor Smith is welcome as only by dis- 
cussion will the fundamentals of impact testing be cleared up. 
In the paper presented no attempt was made to discuss the whole 
subject, but rather to contribute some of the data obtained 
from tests at the Watertown Arsenal. 

The relation of energy of rupture under impact loading to 
notch length and volume of specimen is more fully discussed in a 
paper entitled, ““‘A Fundamental Study of the Design of Impact- 
Test Specimens” presented by H. C. Mann of Watertown Arsenal 
at the annual meeting of the American Society for Testing Ma- 
terials, in June, 1937. In that paper data are presented showing 
that within certain limits of notch length and volume the energy 
of rupture per unit volume is constant and that for short notches 
the unit-volume energy of rupture increases as the notch volume 
decreases. Part of the data upon which these conclusions are 
based is given in Table 1 of the author’s paper.'! The restric- 
tions imposed by the dimensions of the notch resulted in a high 
stress concentration for the shortest notches. These restrictions 
are such that a greater total energy was required to rupture a 
specimen with a notch 0.025 in. long than one with a notch of two 
or four times the length. See Table 1 of the paper. To explain 
these stress concentrations one must consider the mechanism of 
rupture of these short specimens. For the longer notches rupture 
appears to start near the axis of the specimen. For the shortest 
notches slip appears to be inhibited and rupture appears to start 
at the periphery of the notch. 

The variations of per cent elongation and per cent reduction of 
area for different-length specimens is interesting. From Table 1 
the constancy of these values independent of speed of testing will 
be noted. The data given for zero velocity are from static tests. 
There seems to be no definite primary relationship between the 
values of per cent elongation and per cent reduction of area and 
the notch length or of energy of rupture. There will be noted, 
however, a constancy of value of energy per unit volume for 
notches 0.2 to 1.0 in. long (0.252in. diam). These and other data 
indicate that the value of the energy per unit volume is the pri- 
mary property and that the values of elongation and reduction 
of area are secondary. These relationships do not hold for 
specimens in which the notch length is great in respect to the di- 
ameter. Further work is required to explain the laws of behavior 
of the longer notches. The work at Watertown Arsenal indi- 
cates that these relationships may be obtained by static tests. 

The statements as to the relationship of energy values com- 
puted from static tests and measured by dynamic tests are based 
on experience over a number of years. The energy values for 
zero velocity in Tables 1, 3, and 4 were computed from the static 
modified load-strain diagram. Within the limits of experimental 
error the relationship reported has held except for materials 
tested at velocities beyond the transition velocity. It is to be 
noted that beyond the transition velocity the per cent elongation 
and per cent reduction of area change as well as the energy of 
rupture. See also Table 3 of this discussion. These and other 
data indicate a change in the mechanism of rupture at the 
transition velocity. The tests made have been far too many 
and have covered too wide a list of materials to indicate an ac- 
cidental relationship between work computed from the modified 
load-strain curve and that obtained by impact test. A real ex- 
planation of this relationship requires more experimentation not 
only on the work and heat of rupture but also on the physical 
and metallurgical aspects of the mechanism of rupture. Steel and 
other metals of construction are not homogeneous materials 
and the time and place at which rupture starts depends to a large 
extent upon grain-boundary conditions and other elements of 
structure. 

The concept of transition velocity is independent of the high- 


TABLE 3 HIGH-VELOCITY TENSION-IMPACT TESTS 


Steel, K-20, S.A.E. 1035, 1 in. diam, specimens 0.252 in. diam, | in. gage 
Annealed: held at 1550 F, for 1 br, furnace-cooled to 1000 F, air-cooled, 
held at 1280 F for 2 hr, furnace-cooled to 1000 F, air-cooled 


Reduction 

Velocity, Energy, Elongation, of area, 

No. fps ft-lb per cent per cent 
1 20.0 82.0 24.7 63.5 
2 29.0 82.1 24.7 63.0 
3 40.0 76.5 25.0 64.2 
4 50.0 72.0 26.5 66.0 
5 100.0 58.5 29.4 67.0 
6 150.0 5 30.3 68.4 
7 201.0 44.0 31.8 69.0 
8 308.0 34.0 37.0 73.5 


Quenched and drawn: held at 1700 F for 3 hr, air-cooled, held at 1550 F 
for 1 hr, water-quenched, held at 1000 F for 3 hr, furnace-cooled 


1 30.0 105.3 20.0 64.2 
2 50.0 99.8 21.2 65.0 
3 100.0 108.2 20.0 64.2 
4 125.0 108.8 19.8 66.0 
5 150.0 85.0 23.0 69.0 
6 200.0 61.0 25.0 72.0 
Steel, S.A.E. 2340, 1 in. diam, specimens 0.252 in. diam, 1 in. gage 


Annealed: held at 1560 F for 3 hr, furnace-cooled 


1 24.0 101.0 19.5 56.0 
2 30.0 94.0 21.5 57.8 
3 31.0 100.0 20.0 55.6 
4 50.0 101.0 20.0 56.0 
5 50.0 101.8 20.5 56.0 
6 70.0 88.2 21.5 57.8 
7 100.0 82.3 22.0 58.4 
8 151.0 75.0 23.0 59.2 
9 200.0 66.0 26.5 61.4 


Quenched and drawn: 1700 F for 3 hr, air-cooled, 1450 F for 1 hr, oil- 
quenched, 1100 F for 3 hr, furnace-cooled 


1 30.0 103.0 21.0 71.0 
2 50.0 100.0 20.5 70.6 
3 100.0 100.0 21.5 70.6 
4 125.0 102.1 21.0 72.2 
5 150.0 106.4 20.0 71.4 
6 180.0 100.0 21.5 71.0 
7 200.0 95.0 24.0 74.2 
Steel S.A.E. 4150, in, diam, specimens 0.252 in. diam, 1 in. gage 
po FE 1560 F for 3 hr, furnace-cooled 
1 30.0 99.5 14.0 36.0 
2 50.0 99.0 14.0 36.0 
3 70.0 92.0 15.6 36.4 
4 100.0 81.0 16.0 37.2 
5 200.0 58.8 18.0 44.6 
Quenched and drawn: 1500 F for 1 hr, oil-quenched, 1075 F for 1 hr, air- 
cooled 
1 50.0 126.0 15.5 54.6 
2 100.0 126.1 15.3 53.0 
3 150.0 126.0 15.9 56.8 
4 200.0 126.3 16.0 54.6 
5 320.0 125.0 16.0 56.0 
6 350.0 120.0 19.6 63.5 
Pure iron, 1 in. diam, specimens 0.252 in. diam, 1 in. pace 
Annealed: 800 C for 2 hr in hydrogen, cooled slowly 

10 Static 49.5 30.2 

1 28.5 48.0 29.5 

2 100.0 50.0 31.0 

3 100.0 45.0 26.0 

6 150.0 49.0 32.0 

7 200.0 50.0 33.0 

4 200.0 2.76 we 

8 250.0 51.0 


@ Elongation values are approximate only; because of the type of frac- 
ture it was impossible to measure the values accurately. 

6 This result was not plotted. The nature of the rupture indicated that 
it originated prematurely in a defect at or near the surface. 


velocity rotary-type machine. The tests reported by the 
author at 28.5 fps and lower velocities were taken on a pendulum- 
type machine and the energy of rupture calculated in the usual 
manner. In some of the results reported by Mr. Mann three 
types of machine were used: The static type for zero velocity, the 
pendulum type for velocities up to 28.5 fps, and the rotary type 
for greater velocities. For velocities of application of loading 
lower than the transition velocity these machines were in agree- 
ment and the energy of rupture was found to be independent of 
velocity. If for the velocities used there had been a serious error 


in calculation of results, it is exceedingly difficult to explain the 
agreement between different types of machine for velocities be- 
low 28.5 fps, and the constancy of values on the high-velocity 
machine for tests made up to the transition velocity. Some 
transition velocities found have exceeded 300 fps; in other cases 
they have approached zero. 


It is difficult to understand how an 


BEES 
ti 
= 
By 
Be 
x 


96 TRANSACTIONS OF THE A.S.M.E. 


error in formulas can produce errors which will result in a critical 
point at 30 fps in one case and 300 fps in another case. For ve- 
locities of application of loading greater than the transition ve- 
locity, there are differences in the mechanism of rupture in re- 
spect to metallographic structure and changes in area of section 
of the ruptured specimen and in the type of ruptured surface. 
These changes occurring at the transition velocity are quite in- 
dependent of errors of formulas for the computation of energy. 
The discussion here and elsewhere points to the necessity of 
fundamental work in studying the elastic behavior of materials 
under conditions of high-velocity application of loading. 

In the author’s paper data are tabulated for which some curves 
were plotted. Other unpublished data are available to anyone 
interested in their analysis. It is to be regretted that other lab- 
oratories have not yet been equipped to study these phenomena. 

In reference to the remarks of Mr. Brophy, final conclusions 
as to the behavior of nickel steels under high-velocity loading 
should not be drawn until the preliminary results reported shall 
have been checked by a much more extended program. Heat- 
treatment and other data for this steel are shown in Table 3 
herewith. 

In reply to Mr. Smart’s inquiry, further data will be found 
in Mr. Mann’s paper submitted to the recent annual meeting 
of the A.\S.T.M. These data indicate a constant unit-volume 
energy absorption within comparatively narrow ranges of size 
and volume of notch. Further work is required to verify these 
results and to extend them to other materials. It would be in- 
teresting to check the transition velocities of the specimens re- 
ported in Tables 1 and 2 of Mr. Smart’s discussion, and to com- 
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pare both the grain structure and the grain-boundary conditions 
of the material before and after service. 

In reference to Mr. Sturm’s discussion, no tests have been 
made to determine the effect of variation of the smallest dimen- 
sions of the specimen. From general experience it is believed 
that these effects will not be large. Experience has indicated the 
advisability of a square-notch specimen. In case the dimensions 
of the notch are such as to permit greater unit-volume energy 
absorption than normal for medium-length notches, it is reason- 
able to believe that the transition velocity will be affected. It 
appears to be a function of the stress concentration as well as of 
the composition and structure of the material. 

Table 5 presents data from which some of the curves of Figs. 1 
and 2 of the paper were plotted. Zero-velocity values were 
computed from static tests. 


The pure iron tested showed the following chemical analysis 


Per cent Per cent 
C 0.001 P 0.002 
Mn 0.002 Ss 0.008 
Si 0.004 Cr, Ni, Mo, Cu No trace 


The ingot was prepared from electrolytic iron by purifying in a 
hydrogen atmosphere at high temperature. It was forged from 
3 X 3-in. billets to 1-in. diam at 700 C. 

It is considered that the curves published may not be reliable 
in the immediate vicinity of zero velocity. Further experimental 
evidence is needed in this range in spite of the agreements noted 
between the work measured by the dynamic tests, and that cal- 
culated from diagrams (stress versus strain) made by static tests. 
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An Experimental Investigation of the Use of 
Oil for the Treatment of Coal 


By RALPH A. SHERMAN! anp J. M. PILCHER,? COLUMBUS, OHIO 


This paper presents a progress report on the comprehen- 
sive investigation of the factors involved in the treatment of 
coal with petroleum products. Despite the rather wide use 
of light petroleum oils for several years, and the less ex- 
tensive use of heavier oils and petrolatum in more recent 
years, quantitative data have been lacking on the relation 
of the type of oil and the amount of oil to the effectiveness 
and permanence of treatment. 

The major portion of this investigation has been con- 
cerned with the treatment of coal in the laboratory with 
different oils in varying amounts and the determination of 
the reduction in dustiness after various periods of exposure 
to the weather. Data are presented for five different oils, 
for one petrolatum, and on coal from two typical seams. 
Data are also given showing the effect of oil treatment on 
segregation of coal in small stokers. Tests are still under 
way to show the effect of oil treatment on oxidation and 
spontaneous combustion. 

The coal was treated in a machine designed to simulate 
on a laboratory scale the treatment of coal as it is done at 
the mine. Concentrations of oil varying from less than 1 
to 12 qt per ton were applied. Dustiness tests were made on 
these coals, treated and untreated, after various periods of 
storage, using the dust-testing cabinet developed by Powell 
and Russell. 

For conclusions reference must be made to the figures 
and discussion that present the data. 


fuel. With ordinary methods of handling, coal often does 

not meet the desired requirement in cleanliness whether it 
is delivered to and used in the home, an industrial plant, or in a 
central power station. This is particularly true if the coal con- 
tains slack sizes, but coal is sufficiently friable so that even egg 
and lump sizes produce enough dust by degradation on handling 
to be undesirable. 


(Cite Wither is a characteristic that is desirable in any 


1 Supervisor, fuels division, Battelle Memorial Institute. Mem. 
A.S.M.E. Mr. Sherman upon graduation from the University of 
Iowa became associated with the fuels section of the Bureau of Mines 
engaged in research on the utilization of fuels, with charge of boiler- 
furnace conditions affecting the life of refractories. Since 1930 he 
has been connected with Battelle conducting research on combustion 
of pulverized coal and radiation from flames. He has charge of the 
eee conducted at the Institute for Bituminous Coal Research, 

ne. 

? Assistant fuel engineer, Battelle Memorial Institute. Mr. Pil- 
cher was graduated from Virginia Polytechnic Institute in 1934, re- 
ceiving his B.S. in chemical engineering, and in 1936 his M.S. He 
was employed upon graduation in the DuPont rayon and cellophane 
plants, then becoming a member of the staff of Battelle engaged in 
research on the dustless treatment of coal. 

Contributed by the Fuels Division and presented at the Annual 
Meeting of The American Society of Mechanical Engineers held in 
New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until April 10, 1938, for publication at a later date. Discus- 
s10n received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Because many coalbins in homes are not well-sealed, the house- 
wife is the most frequent complainant against the dust from coal, 
and the application of water to coal at the retail yard to reduce 
the dust nuisance has been a general practice for many years. 
Water is applied simply and cheaply and is reasonably effective. 
Its use is, however, attended with many accompanying dis- 
advantages. The psychological reaction is bad, for, although the 
fear may be entirely unfounded, the buyer often suspects that 
the water is weighed with the coal. In winter the water freezes 
on the coal as it is being transported. If too much water is 
applied it runs out of the coal along the basement floor. No 
matter how much is applied, the water rapidly dries and the coal 
is left as dusty or, if the coal is of a slacking type, more dusty 
than before. For industrial use, the application of water is 
almost entirely out of the question. It brings about corrosion of 
conveying equipment and bunkers, prevents the free flow of coal 
in bunkers and chutes, and reduces the efficiency of the unit in 
which the coal is burned. 

The search for a dustproofing material for coal that will be 
permanently effective, low in cost, simple to apply, odorless, and 
have no tendency toward corrosion, and no deleterious effects on 
the combustion characteristics of the coal has continued for some 
time. Petroleum products, particularly the lighter oils, with a 
Saybolt Universal viscosity of from 100 to 200 sec at 100 F have 
had increasing use for the past several years, and a considerable 
fraction of the coal for domestic use and a growing percentage for 
industrial use are now treated with oil at the mines or at the 
retail yards. More recently, heavier petroleum products such as 
heavier oils and petrolatum have been used to some extent for 
the treatment of coal. 

Despite this wide use of oil for treating coal, quantitative data 
have been lacking on the relation of the type of oil and the 
amount of oil to the effectiveness and permanence of treatment. 
Observations have been visual and qualitative only. Various 
other advantages have been suggested as possible results of treat- 
ing coal with oil. These include the increased ease of flow of coal 
treated with oil, lack of segregation, more rapid shedding of 
water, less freezing of coal in railroad cars or in storage, increased 
efficiency in combustion, and less liability to firing in storage. 
Few data have been available to determine the facts. 

To obtain data on these items, a program of research has been 
conducted for the past year at Battelle Memorial Institute. 
This is sponsored jointly by Bituminous Coal Research, Inc., 
Standard Oil Co. of New Jersey, Sun Oil Co., and Viking Manu- 
facturing Co. 


Score or INVESTIGATION 


Inasmuch as the research is still in progress, the present paper 
can be considered as only a progress report but data that have 
now been obtained on a number of factors are immediately useful 
to producers, distributors, and users of coal as well as to producers 
and distributors of coal spray oils. For this reason, it was con- 
sidered appropriate to publish a progress report. 

The principal purpose of treating coal with oil is to eliminate 
dust. The investigation has, therefore, been concerned chiefly 
with the treatment of coal in the laboratory with various oils in 
varying amounts and the determination of the reduction in dusti- 
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ness after various periods of exposure of the treated coal to the 
weather. Data have been obtained on five different oils, on one 
petrolatum, and on coal from two typical seams. Data have 
also been obtained on the effect of oil treatment on segregation 
of coal in small stokers, and tests are under way on the effect 
of oil treatment on oxidation and spontaneous combustion. 


METHOD OF TREATMENT OF COAL 


The treating machine shown in Figs. 1 and 2 was designed to 
simulate on a laboratory scale the treating of coal as it is done at 
the mine where generally the oil is applied as the coal falls from 
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the end of the loading boom into the car. Referring to Fig. 1, 
the coal is fed from the hopper by the belt conveyor, the rate of 
feed being controlled by the height of the gate. It falls onto an 
inclined plate or chute, which is designed to check the fall of the 
coal, and then to the floor. The oil is contained in a graduated 
glass bottle and flows through the filter, pump, and the heater 
past the spray nozzle and back to the bottle. The purpose of 
the by-pass system is to maintain a uniform oil temperature and 
to insure that the first oil that is applied to the coal is at the de- 
sired temperature. 

Oil has been applied normally at a temperature of 200 F and at 
a pressure of 125 lb per sqin. The heater can be turned off and 
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the pressure maintained by the pump raised to a maximum of 
450 lb per sq in. for the application of cold oil. 

For the application of oil at high rates, a Viking No. 20 nozzle 
which delivers approximately 30 qt per hr at a pressure of 125 lb 
per sq in. has been used. For lower rates, a Balloffet nozzle No. 
1.5 M furnished through the courtesy of the Balloffet Diamond 
Wire Die Co. has been used; at 125 lb it will deliver about 7 qt 
per hr with good atomization. For the application of cold oil, 
the Gulf Research and Development Co. has kindly furnished its 
nozzles. This type consists of a thin-plate orifice with an impact 
cone or ball, carried on a bridge, directly opposite the orifice. 
Atomization results from the impact of the high-velocity jet on the 
cone or ball. The spray given by all of the nozzles used is of the 
conical type. The nozzle is placed at such a distance from the 
inclined plate as to include the entire width of the coal stream in 
the cone of the spray. 

For the application of high-viscosity oils and petrolatum 
which are not fluid at atmospheric temperatures, an additional 
pumping and heating system is added which is not shown in 
Figs. 1 or 2. The container on this system is fitted with a copper 
coil and coinpanion lines of copper tubing are fitted closely to the 
feed and return pipes. The pump and heater unit shown in Fig. 
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1 is then used to circulate hot oil through the companion lines to 
heat the oil or petrolatum to the desired temperature. 

The sheet-metal hood around the spray and the stream of coal 
is similar to that used in the best practice in commercial installa- 
tions. The hood is required to prevent loss of oil by wind. 

By a variation of the rate of feed of the coal and by a choice of 
different nozzles, oil may be applied to coal at any desired rate 
from 0.85 to as much as 30 qt per ton. Oil can be applied ac- 
curately to as little as 200 lb of coal at a time although the weight 
of each sample treated has generally been 550 lb. This was then 
divided into 5 representative lots of 110 lb each for the determina- 
tion of dustiness after varying intervals of storage. 

Samples were stored on the roof of the building in wooden 
compartments 18 in. by 22 in. and 15 in. deep, the coal resting on 
roofing paper. In this way each lot of coal was kept separate 
and exposed to the same conditions of precipitation, sun, and 
freezing. The conditions of storage were more severe than when 
coal is stored in large piles with the greater part of the coal 
protected from extremes of temperature or precipitation. 


Meruop or DETERMINATION OF DusTINEsS 


The sample of coal to be tested for dustiness is first air-dried 
in an air drying cabinet of the type suggested by the A.S.T.M. 
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SHERMAN, PILCHER—USE OF OIL FOR TREATMENT OF COAL 
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(c) Dust settling above coalbin 


(b) Dust from float-dust slide 


(d) Dust settling at head of basement stairs 


Fie.4 or Coat Dust 
(The distance between ruled cross lines corresponds to 40 microns and that between the small divisions in the central square, 8 microns.) 


(1). The air drying cabinet used has a centrifugal blower to 
supply the required current of air. The air is heated by passing 
over resistance coils which are controlled by a thermostat in the 
cabinet to maintain the air at 95 F. The samples are placed in 
large pans and are stirred and weighed at intervals. They re- 
main in the cabinet until the rate of loss is less than 0.1 per cent 
per hr, preferably not over half this value. This requires 1 to 3 
days depending upon the moisture content of the sample at the 
time that it is placed in the drier. 

Fig. 3 is a dimensional sketch of the dust-testing cabinet which 
is built according to the specifications developed by Powell and 


* Figures in parentheses refer to the Bibliography at_the’end of the 
paper. 


Russell (2). The sample of exactly 50 lb of coal is placed on the 
slide in the upper part of the box and covered with the tightly 
fitting lid. The two polished metal slides are in position on the 
supports outside the cabinet. The top slide on which the coal 
rests is quickly pulled out; this allows the coal to drop into the 
drawer below. Exactly 5 sec after dropping the coal, the two 
polished slides are pushed into the slot. The upper plate is 
withdrawn after 2 min and the lower plate 8 min later. The dust 
on each slide is carefully brushed into a weighing bottle and the 
amount of dust from each period is separately weighed to the 
nearest milligram. 

The dustiness index is calculated as 40 times the weight of dust 
in grams on each slide. The dust for the first period is called the 


(a) Dust from coarse-dust slide 
i 
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coarse dust and that for the second period is called the float dust. 
The dust from the slides must not be assumed to be the total 
amount of dust in the sample. The method is entirely empirical, 
but it simulates the dropping of coal into a bin and the findings of 
this investigation confirm those of Powell and Russell that the 
index is an excellent relative measure of the dust produced when 
handling coal. 

Care must be taken when conducting the dustiness test that the 
samples are representative of the lot of coal to be tested. It is 
of particular importance in the conduct of the test that the slides 
be pushed in at exactly 5 sec after the coal is dropped, because 
the larger pieces of dust are dropping rapidly at that time, and a 
slight difference in the time of insertion of the slides will make a 
considerable difference in the amount of dust collected. Dupli- 
cate determinations were run on each sample of coal tested, and 
the average of the two tests used to calculate the dustiness index. 
The order of agreement obtained in 141 duplicate determina- 
tions made in this investigation is shown in the following tabula- 
tion: 


AGREEMENT OBTAINED IN 141 DUPLICATE DETERMINATIONS 


Deviation from average, 
per cent No. 


Determinations 
Per cent 


More than 20.......... 3 2 


Size of Dust Collected. If we assume that all the dust that 
collects on the slides falls directly from the slide on which the 
coal rested to the polished plates, we can calculate by Stokes’ 
law for the terminal velocity of particles the maximum size of 
particles that should be on each slide. This assumption is not 
strictly true as some particles are carried down by larger pieces 
and do not fall the entire distance as a particle of that size, and 
some rebound from the sides or bottom of the box. This calcu- 
lation shows that for coal of 1.35 sp gr the maximum size of par- 
ticle should be 55 microns diam on the first slide and 11 microns 
diam on the second slide. 

Fig. 4(@) shows a photomicrograph of dust from the first slide. 
The magnification was so adjusted that the distance between the 
ruled cross lines was 40 microns and that between the small 
divisions in the central square was 8 microns. It is readily seen 
that the maximum equivalent diameter of any particle was of the 
order of 55 microns. Photograph (b) of Fig. 4 shows dust from the 
second slide. The maximum equivalent diameter of the particles 
on this slide checks approximately with the calculated diameter of 
11 microns. 

Photographs (c) and (d) of Fig. 4 show dust collected above the 
coalbin and at the head of the basement stairs in a house at the 
time coal was being placed in the bin. The dust was allowed to 
settle directly on balsam placed on the slides and the density of 
the slides indicated the approximate density of the dust in the 
two places. The head of the basement stairs was approximately 
25 ft from the coalbin. Comparison of these two slides with (a) 
and (b) shows that the time of settling for the two slides in the 
dust-testing cabinet was well chosen by Powell and Russell. 
The dust on the first slide represents dust that would settle in the 
basement immediately adjacent to the coalbin. The second 
slide shows dust which will travel for some distance reaching 
even the first floor of the house if the coalbin is not tightly sealed. 


CHARACTERISTICS OF CoaLs USED 


Coal from two seams has been used for the principal tests in the 
program. Each was received in a car shipment and from 10 to 
15 tons were taken for testing. The total sample of coal was 
divided into representative 550-lb increments for treatment and 
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E 1 SCREEN ANALYSES OF VARIOUS SIZES, PROXIMATE 
ALYSIS, |AND CALORIFIC VALUE OF COAL FROM ISLAND- 
CREEK SEAM 


Screen analyses of various sizes, cumulative per 
+. 


Size, in. 0 to 0 to 4/5 to Oto 20 mesh to 

or mesh 11/2 in. in. 

+ 1 22.9 39.0 5.3 10.3 

+ 37.3 62.. 20.4 32.7 

+ 1/3 51.8 Pia 86.0 41.2 55.6 

+ 8/s 64.0 0.0 95.7 52.4 67.2 

+ No.4 71.6 24.4 98.8 64.8 80.3 

+ No.8 81.9 52.6 99.3 78.2 91.4 

+ No. 16 88.6 67.6 99.5 85.5 96.7 

+ No. 30 93.4 78 9 99.6 90.5 98.3 

+ No. 50 95.6 86.5 99.7 94.1 98.7 

+ No. 100 97.4 91.0 99.8 96.0 99.0 

+ No. 200 98.7 94.5 99.9 97.5 99.4 

No. 200 1.3 5.5 0.3 2.5 0.6 

Total 100.0 100.0 100.0 100.0 100.0 
Proximate analysis and calorific value 0 to 1'/: in., air-dry basis 
Per cent 


Calorific value, Btu per lb = 14,120 


rABLE 2 SCREEN ANALYSIS, PROXIMATE ANALYSIS, AND 
CALORIFIC VALUE OF ILLINOIS NO. 6 COAL, 48 MESH TO !4/:6 IN. 


Screen analysis- 


Cumulative 


Size, in. or mesh per cent 

+ 3/, 4.8 

+ 1/2 34.4 

+ 3/s 52.3 

+ No. 4 74.7 

+ No.8 86.3 

+ No. 16 92.5 

+ No. 30 96.3 

+ No. 50 98.1 

+ No. 100 98.9 

+ No. 200 99.4 

— No. 200 0.6 

Total 100.0 

Proximate analysis and calorific value, air-dry basis 
Per cent 

Total 100.0 


Calorific value, Btu per lb = 12,240 


dustiness testing. These increments were stored under cover 
until the time of testing. 

One sample of coal was from the Island Creek seam in Logan 
County, West Virginia. This is a representative firm-structure 
coal from the Appalachian field. The coal was received in 0 to 
2-in. sizes but the pieces over 1'/, in. were removed by screening 
and the 0 to 1'/,-in. coal was used in the experiments. The 
effect of the size was determined by screening two fractions, 0 to 
3/, in. and 3/, to 1'/2 in., from this coal. Two samples, each with 
a top size of 1'/,in. but from one of which the minus-20-mesh coal 
had been removed by screening, were also obtained from the same 
mine to determine the effect of dedusting on the dustiness of the 
coal and on the amount of oil required for effective treatment. 
Table 1 gives the screen analyses of these samples, and the proxi- 
mate analysis and calorific value of the 0 to 1'/:-in. coal. 

The other principal sample of coal used was obtained from a 
mine operating in the Illinois No. 6 seam. This coal was prepared 
as stoker coal and is nominally called a 48-mesh to '*/,¢-in. coal. 
The coal is prepared by screening over '*/,¢-in. round-hole screens. 
The minus-48-mesh sizes are removed as the coal is passed over 
dewatering screens when it comes from the wet-cleaning plant. 
A part of the 48-mesh to 5/)-in. coal is also removed by screening. 
Some degradation occurred in the centrifugal driers and in ship- 
ment to the laboratory. Table 2 gives the screen analysis and 
proximate analysis of this coal. 
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TABLE 3 PHYSICAL AND CHEMICAL PROPERTIES OF FIVE 
OILS AND ONE PETROLATUM USED 


Oil Oil Oil Oil Oil Petro- 
Property A B Cc D F latum 
Gravity, deg A.P.I...... gon SRT 21.5 23.3 22.1 17.1 30.8 
Flash, open cup, deg F.... 325 340 305 325 365 515 
360 390 340 360 445 
Saybolt Universal viscosity 
at 100 F, sec........ ‘- 223 212 115 111 594 
Saybolt Universal viscosit 
43 43 39 38 57 95..6 
Pour test, deg F.......... —30 BelowO BelowO —50 —5 
Conradson carbon, percent 0.71 0.089 0.053 0.01 aid 
Sulphur, per cent......... 0.24 1.796 0.91 0.25 


A.S.T.M. melting point, 


Cone penetration at 77 F... 117 


TABLE 4 VAPOR PRESSURE OF OILS USED 


Vapor pressure lb per sq in. 
Oil At 40 F At 70 F 
T 
600 “8-200 vis 
‘ 
550 = # A 
VACUUM DISTILLATION AT 4 
10 MM. He PRESSURE / 


4 
/ 
A 4 


| » 
“ 
|,4 
« Fat 
350 — on. “s"-200 vis 
300 
250 
200 
a) 20 40 60 80 100 
PER CENT OFF 


Fie. 5 Curves oF Usep 


CHARACTERISTICS OF O1Ls UsED 


Data are included in this report on five oils and one petrolatum. 
The oils are the product of two refiners and are commercially 
distributed for the treatment of coal. Table 3 gives the principal 
characteristics of the oils and those of the petrolatum that can be 
determined as for oils. Although the viscosities of the oils 
differed widely at 100 F, they became more nearly alike as the 
temperature increased and were not greatly different at 210 F,. 
the temperature at which they were applied. The petrolatum 
used was solid at ordinary atmospheric temperatures, melted at 
131 F, and had a viscosity of 95.6 at 210 F. 

The volatility of oils used for the treatment of coal is sometimes 
considered important as a measure of the amount of oil that 
might be lost from coal by evaporation. Fig. 5 shows for the two 
100- and two 200-sec-viscosity oils the amount distilled at differ- 
ent temperatures at a pressure of 10 mm Hg. The curves show 
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Fig. 6 RELATION OF THE TEMPERATURE OF HEATED-OIL SPRAY TO 
THE DISTANCE FROM THE SprRAY Nozze 


rather wide differences in the characteristics of the oils but be- 
cause the amount distilled is so low at atmospheric temperatures 
it is apparent that the rate of evaporation of any of these oils 
would be extremely low. Table 4 shows the vapor pressure of the 
four oils at 40 and 70F. This also shows that the rate of evapora- 
tion of the oils at normal temperatures should be negligible. 


Discussion oF RESULTS 


Rate of Cooling of Atomized Oil. In the practice of the applica- 
tion of oil to coal by atomization there are two schools of thought. 
One advocates the heating of the oil, with thermostatic control 
of the temperature before atomization. The advocates of this 
method claim as the advantages a better atomization because of 
the decreased viscosity, and a uniform rate of application and 
uniform atomization even with large variations of the temperature 
of the oil or of the atmosphere. The claim is also sometimes 
made or inferred that the heated oil creeps over the coal better 
and gives more uniform coverage than does cold oil. The advo- 
cates of cold oil maintain, on the other hand, that cold oil can be 
atomized as effectively as hot oil, with the proper pressure and 
proper design of nozzle, and that the claim of better creep of hot 
oil is unjustified because the oil is cooled to atmospheric tempera- 
ture before it reaches the coal. 

To determine the rate of cooling of the atomized oil, tempera- 
tures were taken in the oil spray in the experimental treating 
machine. The temperatures were taken by means of thermo- 
couples of No. 36 B.&S. gage copper and constantan wire. The 
fine wire was used to reduce the error due to the conduction of 
heat along the wires. A wooden frame built into the hood of the 
treating machine held the wires with the hot junction on the 
center line of the nozzle. Thermocouples were placed at distances 
of 2, 4, 8, 12, 16, 20, and 24 in. from the nozzle. An oil of 200 sec 
viscosity was used; it was heated to slightly over 200 F and atom- 
ized under a pressure of 125 lb per sq in. One set of data was 
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taken with the hood in place and the other with the hood re- 
moved. In both experiments the machine was within the 
building and was not subjected to the disturbance of winds. No 
coal was fed through the machine in the course of the tests. 

Fig. 6 shows the data obtained. The data show that the 
initial decrease in the temperature of the oil was quite rapid but 
the rate of decrease flattened out at greater distances from the 
nozzle. The rate of decrease was greater and the final tempera- 
ture was somewhat lower when the hood was removed from around 
the spray. The nozzle has generally been used at a distance of 
11 in. from the inclined plate in the treating machine. At this 
distance the oil was at a temperature of about 120 F. Although 
this is considerably above the room temperature, it is probable 
that when the oil reaches the coal the temperature of the oil will 
be reduced almost at once to that of the coal. Therefore there 
will remain little increase in the tendency of the oil to creep on the 
coal because of increased temperature and reduced viscosity. 

These data apply to only one nozzle and to one set of conditions 
and it must not be concluded that all heated oil will arrive at the 
coal at temperatures similar to those shown in Fig. 6. After 
the atomized oil leaves the nozzle, it is cooled by radiation to the 
surroundings and by giving up its heat to the air induced by the 
high-velocity jet of oil. Calculations show that the radiation 
from the spray accounts for but a negligibly small fraction of the 
heat carried by the oil. Most of the heat is given up to the air 
entrained with the oil. The oil is so finely atomized that the rate 
of heat transfer is rapid; this accounts for the rapid decrease in 
temperature close to the nozzle where most of the air is entrained. 
The slow rate of decrease in the temperature farther from the 
nozzle shows that little more air is entrained and that the heat is 
then being lost principally by radiation. 
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Under other conditions where the nozzle is so arranged as to 
entrain more air than did the nozzle used in these experiments, or 
if wind or convection currents should bring more air into the 
spray, the temperatures would be decreased to a greater extent 
than shown in Fig. 6. If less air were entrained, a smaller de- 
crease in temperature would occur. 

Relation of Viscosity of Oil to Reduction in Dustiness. Fig. 7 
shows the relation of the dustiness index for the coarse dust to 
the amount of two 100- and two 200-sec oils one week after appli- 
cation to the 0 to 1'/2-in. Island Creek coal. Fig. 8 shows the 
same relation for the float dust. At the right of each figure is 
given a scale of the percentage reduction in dustiness based on 
the dustiness of the untreated coal. 

The curves show that the first increment of oil added has a 
great effect in the reduction of the dustiness. For example, 1 
qt per ton of either of the 200-sec oils reduced the dustiness by 64 
per cent. Succeeding increases in the amount of oil applied re- 
duced the dustiness to a smaller extent but the dustiness con- 
tinued to decrease even up to the application of 10 qt per ton. 

The percentage reduction of the float dust was greater than 
that of the coarse dust. The application of 6 qt per ton of any of 
the four oils reduced the float dust by 99 per cent whereas the 
coarse dust had been reduced by from 80 to 87 per cent. 

The curves for the four oils have the same general shape and 
the results for the two 200-sec oils were so closely the same that 
one curve could be drawn for both oils. The effectiveness of the 
two 100-sec oils differed considerably more and their slope was so 
much different from that of the 200-sec oils that the same re- 
duction in dustiness was obtained with less 200-sec oil. It can 
be seen that it took approximately 4 qt per ton of the 100-sec oil 
D to give the same reduction in dustiness as was obtained with 2 
qt of the 200-sec oils. At higher concentrations, the effectiveness 
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is more nearly alike for the two 100-sec oils and the ratio of the 
amount of these required to that of the 200-sec oils for the same 
reduction in dustiness decreases. 

Relation of Size of Coal to Effectiveness of Treatment. Figs. 9 
and 10 present for the coarse and float dust, respectively, the 
relation of the dustiness index to the amount of 200-sec oil B 
for three sizes, 0 to in., 0 to in., and to in. Island 
Creek coal. The removal of the coal smaller than 3/, in. was 
effective both in the reduction of the dustiness of the coal before 
treatment and in the amount of oil required for a given dustiness 
index. A reduction to an index of 80 for the coarse dust could be 
obtained on the °/, to 1'/:-in. coal with the application of about 
a half quart per ton. For the same index with 0 to 1'/;-in. coal 
about 3 qt per ton would be required and for the 0 to */s-in. coal 
more than 8 qt per ton would be needed. 

Effect of Dedusting Coal on Amount of Oil Required. At a few 
mines, the 0 to 2-in. or 0 to 1'/;-in. nut and slack production is 
dedusted. Dedusting is done in various ways such as by screen- 
ing or by blowing air through the coal as it fallsin a stream. The 
purpose of dedusting is varied; it may be done to reduce the 
ash if the ash content of the dust is high, to improve the burn- 
ing characteristics of the coal, or to improve consumer acceptance 
by reducing the dustiness and improving the appearance of the 
coal. 

Samples of 0 to 1'/-in. Island Creek seam coal before and 
after dedusting by screening over a 20-mesh screen were obtained 
from the same mine as the Island Creek coal previously used 
The screen analyses which were given in Table 1 showed that an 
effective dedusting was accomplished. Only 1.7 per cent of 
coal smaller than No. 30 mesh was found in the dedusted coal 
whereas the coal before dedusting contained 9.5 per cent of that 
size. 

Figs: 11 and 12 show the relation of the dustiness index for the 
coarse and float dusts, respectively, to the amount of 200-sec oil 
B applied to the dedusted and not-dedusted coals. The dedust- 
ing process did not greatly reduce the dustiness of the untreated 
coal, only from 526 to 409 for the coarse dust and from 36 to 30 
for the float dust, but it is apparent that the dedusting process 
did materially reduce the amount of oil required for a given dusti- 
ness index. On the dedusted coal slightly less than 2 qt per ton 
gave a dustiness index for coarse dust of 80 but more than 6 qt 
were required for this dustiness on the coal that was not dedusted. 

Effect of Oil Treatment on “Apparent” Screen Analysis. Screen 
analyses were made on samples of 0 to */s-in. and 0 to 1'/2-in. 
Island Creek seam coals treated with various amounts of oil B, 


TABLE 5 “APPARENT” SCREEN ANALYSES OF OIL-TREATED 
AND UNTREATED SAMPLES OF ISLAND CREEK SEAM COAL 


Cumulative per cent through screen, 0 to */s in. 


Oil B, qt per ton 0.0 2.1 4.1 5.5 8.2 
Size 
— 3/5 100.0 100.0 100.0 100.0 100.0 
-— No.4 75.6 72.9 75.0 73.6 73.8 
— No. 8 47.4 44.7 46.2 44.8 45.0 
— No. 16 32.4 31.0 31.9 31.0 31.0 
— No. 30 21.1 21.1 21.4 20.7 19.9 
— No. 50 13.5 14.0 14.0 13.4 12.2 
— No. 100 9.0 9.5 8.8 8.2 5.2 
— No. 200 5.5 5.1 2.6 TF 0.4 
0 to 1'/: in. 
Oil B, qt per ton 0.0 | 2.3 4.0 7.6 
Size 

—l!/2 100.0 100.0 100. 100.0 100.0 
80.1 81.0 80.1 
— ih, 62.7 66.2 64. 64.2 61.2 
—'/2 48.2 a 45.3 45.9 42.4 
— 3/6 36.0 39.5 37.0 38.4 35.4 
— No. 4 28.4 28.2 28.2 28.9 26.7 
— No. 8 18.1 18.6 17.8 18.3 17.2 
— No. 16 11.4 13.4 12.1 12.7 11.9 
— No. 30 6.6 9.1 7.9 8.4 » 
— No. 50 4.4 6.1 4.9 5.4 4.6 
— No. 100 2.6 4.1 3.1 2.5 0.4 
— No. 200 1.3 2.3 0.4 0.1 trace 


@ No half-inch screen used here. 
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one of the 200-sec-viscosity oils. Table 5 presents these data. 
The term “apparent” screen analysis is used because the actual 
percentage distribution of particle sizes should be the same for 
exactly representative samples of the same coal, but differences 
occur in the smaller sizes of the oil-treated samples due to the 
sticking of some of the finer particles to the larger pieces and to 
each other. The variations in the screen analyses for the larger 
sizes are those incidental to differences in duplicate samples. 
This may also apply to the amounts passing the smaller screens but 
for amounts of oil greater than 1 or 2 qt per ton, the amounts of 
coal passing the 100- and 200-mesh screens decrease regularly 
with increase in the amount of oil applied. 

Relation of Surface Area of Coal to Oil Required. The data 
presented on the relation of the size of the coal to the amount of 
oil required for reduction in dustiness confirm the naturally ex- 
pected relation between the amount of small sizes present in 
coal to the amount of oil required. As the diameter of the 
particles of coal decreases the surface area per unit weight in- 
creases. Because the oil applied is adsorbed in a thin layer on the 
surface of the particles of coal, the coal adsorbs increasing amounts 
of oil as the surface increases. Fife and Edeburn (3) have 
presented data on the relation of the surface area of coal to the 
amount of petrolatum adsorbed. 

Some attempts have been made to compare the relation be- 
tween the amount of oil required for a given dustiness index with 
the surface area of the coal. It is recognized, however, that such 
relations are difficult to establish with any accuracy because of 
the difficulty of an accurate determination of the specific surface, 
the surface per unit weight, of coal. This difficulty is caused by 
the great fraction of the surface that is represented in the minus- 
200-mesh coal and the fact that this cannot be determined accu- 
rately from the screen analysis. In the calculations, the diameter 
of the minus-200-mesh coal was assumed as the mean between the 
screen mesh, 0.0074 cm and 0 but this is obviously not true. It 
may be larger or smaller than this and will vary with the type of 
coal. 

Even with this assumption which is considered to give probably 
too low a value for the surface of the minus-200-mesh coal, 
Table 6 shows the importance of this size in the total surface of a 
sample of coal. 


TABLE 6 RELATION OF PERCENTAGES BY weees AND BY 
TOTAL SURFACE OF —200-MESH COA 


coal 
Coal size, in. Percentage by Percentage of 
weight total surface 
3/g to 0.1 22.0 


In spite of these obvious inaccuracies in the calculation of the 
surface area it was of interest to find that a comparison of the 
amount of oil required to obtain a dustiness index for coarse dust 
of 96, for the three sizes of coal shown in Fig. 9, with the sur- 
face areas gave results as shown in Table 7. 


TABLE7 COMPARISON OF AMOUNT OF OIL FOR GIVEN DUSTI- 
NESS INDEX AND SURFACE AREAS OF THREE COALS 


, Amount of Ratio of 
Coal size, i Ratio of surface 
in. qt per ton oi areas 
0.2 1 1 
1.8 9 7.4 
5.8 29 23 


The relation cannot, unfortunately, be checked over a wide 
range of dustiness indexes for these three sizes of coal. 

For the dedusted and not-dedusted coal it is found that the 
amounts of oil required for a dustiness index, coarse dust, of 64 
were 2.4 and 7.8 qt per ton, respectively, or a ratio of 1 to 3.25, 
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and the ratio of the surface areas was 1 to 3.1. The ratio of 1 to3 
holds fairly closely over the range in which the dustiness of the 
latter two coals may be compared. 

Relation of Type of Coal to Effectiveness of Oil Treatment. Al- 
though the laboratory results that had been obtained on the 
Island Creek coal checked with the reports of results in mine 
practice for the treatment of coals of that type, reports from other 
coal fields, particularly Indiana and Illinois, indicated that the 
same permanent effectiveness in elimination of dustiness was not 
being obtained from the application of similar amounts of oil. 
Samples obtained from one commercial installation showed that 
the application of an amount of oil which should have given a 
high percentage of reduction of dustiness with coal of the Island 
Creek type gave only a moderate decrease in dustiness. Tests 
of a sample taken from the same car about two weeks after treat- 
ment showed that the effect of the treatment had completely 
disappeared. To determine why this was so and how this coal 
might be effectively treated, a sample of coal from this mine was 
obtained. 

As previously stated, this coal is loaded after cleaning in a wet 
washer. Although the coal is passed over a dewatering screen 
and the fine sizes are dried in a centrifugal drier, the coal as 
loaded and as treated with oil contains about 14 per cent water. 
At the laboratory, the coal had become air-dried before treatment 
and for a comparison of the effect of treatment wet and dry, 
samples of the coal were treated in the air-dry condition with 
200- and 600-see oils and with petrolatum, and at the present 
time one series of samples has been treated when wet with 200- 
sec oil. The air-dry samples contained a total of about 8 per 
cent moisture and the wet samples contained about 14 per cent 
moisture. The additional water was sprinkled on the coal and 
the sample thoroughly mixed before treating with oil. 
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Figs. 13 and 14 show the relation of the dustiness index, for 
coarse and float dust, respectively, to the amount of oil or pet- 
rolatum applied, from 7 to 10 days after treatment. The aver- 
age curve for the Island Creek coal is added for ease in comparing 
the results. 

Although the Illinois coal was a sized stoker coal with only 1.9 
per cent of it below 50 mesh whereas the Island Creek coal was 
a 0 to 1'/,in. coal with 4.4 per cent smaller than 50 mesh, the 
dustiness of the untreated dry Illinois coal was as great as that of 
the Island Creek coal. The effectiveness of the application of 
200-sec oil on the dry Illinois coal was much less than that of the 
same oil on Island Creek coal. The reduction in dustiness ob- 
tained with 2 qt per ton on Island Creek coal was obtained on 
the Illinois coal only with the application of about 5 qt per ton. 

The application of water to the coal evidently induced slacking 
as the dustiness of the untreated coal after wetting was appreci- 
ably greater than that of the coal that had not been wetted. The 
application of oil to the coal when wet gave much less elimination 
of dust than when the oil was applied to the dry coal. One 
quart per ton had no effect on the dustiness, and the dustiness of 
the coal treated wet was two to three times as great for the same 
amount of oil as for the coal treated when dry. 

The 600-sec oil was more effective than the 200-sec oil. This 
would be expected from the data shown for the relation of the 
effectiveness of the 100- and 200-see oils on Island Creek coal. 

The petrolatum was more effective than 600-see oil but in 
amounts up to 4 or 5 qt per ‘on it did not reduce the dustiness 
of the Illinois coal to the same extent that 200-sec oil did on the 
Island Creek coal. As the melting point of the petrolatum was 
131 F it solidified on the surface of the coal in small beads, which 
could readily be seen with a low-power microscope. The drop- 
lets of petrolatum had no tendency to creep but they were readily 
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spread over the surface of the coal with light rubbing, and the 
movement of pieces against each other in handling would tend 
to do this. The petrolatum is so sticky that any dust that 
touches it immediately adheres. 

Examination of pieces of coal after the petrolatum treatment 
also showed that the larger pieces had received the petrolatum on 
one side only. The coal did not tumble enough in falling to 
receive treatment on all sides. On a larger installation where 
nozzles could be applied on the back as well as on the front of the 
stream a more uniform application might be obtained. 

At this time, data on the permanence of the oil or petrolatum 
treatments on the Illinois coal are not available. The samples 
are in storage and the data will be obtained. 

Reasons for Lack of Effectiveness of Treatment of Illinois Coal. 
The lack of effectiveness of oil treatment on this sample of 
Illinois coal is known not to be general for all Illinois or Indiana 
coals. For example, in the preparation of coal for spontaneous- 
combustion tests at a mine operating in the Illinois No. 5 seam, 
the coal was treated when dripping wet, after cleaning in a wet 
washer, with 6'/; qt of a 100-sec oil per ton. Dustiness tests on 
samples of this coal showed a reduction in coarse dust from 334 
to 34, or 90 per cent, and a reduction of float dust from 27 to 0.2, 
or 99.3 per cent. The dustiness tests were made 19 days after 
treatment. 

The action of droplets of oil placed on wetted coal particles was 
observed under a low-power binocular microscope using magni- 
fications of from 10 to 30. So long as the surface remained 
wet, the oil, either of 100 or 200 sec viscosity, remained as 
rounded droplets. As soon as the moisture evaporated, the drop- 
lets spread quickly over the surface of the coal. 

A clue to the difference in the action of oil on different coals is 
found in a report of work by Sherman, Irion, and Rogers (4), 
on the adsorption of dye by coal as a means of determining the 
surface area of pulverized coal. Their experiments showed that 
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one Illinois No. 6 coal which they used took up much more dye 
than did higher rank coals. They reached the conclusion that 
the lower rank coals must have cracks into which the oil is ab- 
sorbed. Naturally, any oil that is absorbed into internal surface 
is ineffective in eliminating dust. 

The loss of oil into cracks was seen in the microscopic observa- 
tion of the creep of oils on the surface of coal. When the bound- 
ary of a drop of oil reached a crack it apparently ran into the crack 
and horizontally along the crack rather than spreading across it. 
Because petrolatum does not creep it seems probable that it 
would be relatively more effective than oils. 

Wilkins (5), in an investigation of the treatment of British 
coals with oil, found that the lower rank coals, those containing 
less than 84 per cent carbon on the moisture- and ash-free basis, 
required much more oil than the higher rank coals. He also 
found that the treatment was more permanent on the higher- 
rank coals. 

Permanence of Oil Treatment After Storage. After storage 
periods of 3 and 6 months, dustiness tests have been completed 
on samples of Island Creek coal which were treated before storage 
with the two 100- and the two 200-sec oils. Total precipitation 
was from 19 to 27 in. during the storage of the several samples. 
Figs. 15 to 18 show the relation of the dustiness index to the time 
of storage. The data shown in the solid curves and dashed 
curves are for samples from outdoor storage; the data shown in 
the dot-and-dash curves are for samples from indoor storage. 
Samples treated with both oils A and B were stored indoors but 
only the curve for oil A is shown to avoid confusion. Although 
there are some irregularities, which are probably due to variations 
in sampling, the curves show the same general trends. The 
dustiness of the untreated coal increased owing to some slacking. 
The dustiness of the treated samples also increased after storage 
but the rate of increase decreased with increasing amounts of oil 
applied. The percentage increase was greater for the float dust 
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than for the coarse dust but with 4 qt or more per ton, the amount 
of either the float or coarse dust with any of the four oils was not 
high. It is of interest to note that the general trend of increase 
of dustiness of the samples on which there was no precipitation 
and those which had received up to 27 in. of precipitation is 
similar. 

Figs. 19 and 20 show for the coarse and float dusts, respectively, 
the relation between the dustiness and the amount of oil applied, 
for the four oils after 6-months storage. Comparison of these 
curves with those of Figs. 7 and 8 shows that oils A and B now 
show some difference, whereas their initial effectiveness was 
practically identical. Both 200-sec oils continue, however, to be 
more effective than the 100-sec oils C and D and these 100-sec 
oils maintain their same relative positions. 

Effect of Oil Treatment on Oxidation and Spontaneous Combus- 
tion of Coal. Because spraying of coal with oil produces a pro- 
tective film over the surface it has been assumed that it will 
reduce the rate of oxidation of the coal and lessen the tendency 
toward spontaneous combustion. The effect of oil treatment of 
coal on the rate of oxidation has been studied by Ambrose and 
Gaspari (6), who present data on the rate of absorption of oxygen 
under adiabatic conditions and by a simpler method in which the 
samples were held in a thermostatically controlled bath. They 
show that oil does reduce materially the rate of absorption of 
oxygen when applied in amounts that are used commercially 
for dust elimination. They conclude that the mechanism by 
which oil prevents heating is physical rather than chemical, in 
that the oil clogs the capillary pores in the coal and prevents the 
absorption of oxygen. 

To obtain further data on the effect of oil treatment on the 
spontaneous combustion of coal, two samples of 500 tons each, 
one untreated and the other treated with 6'/2 qt of a 100-sec oil 
per ton have been stored at a mine operating in the Illinois No. 5 
seam in southern Illinois. Twelve thermocouples were placed 
in each pile of coal. For several weeks daily readings of the 
thermocouples were taken and at present they are being taken 
weekly. In addition, at intervals, readings are being taken at 
other points in each pile with a long exploring thermocouple to 
determine whether heating may be occurring in zones not in- 
cluded by the 12 fixed thermocouples. 

The storage piles were laid down in June, 1937. Up to this 
time there is little difference in the temperatures in the two piles 
and neither has shown a tendency toward heating. Readings 
will be continued for a period long enough to determine definitely 
whether or not heating will occur. 

Effect of Oil Treatment on Ignitibility of Coal. Although oil is 
applied to coal in small percentages by weight, the oil is largely 
on the surface of the pieces and it has been considered possible 
that it might affect the ignition temperature of the coal or its ease 
of ignition, which is here termed ignitibility. Methods normally 
used for determining the ignition temperature of coal specify 
grinding of the coal to small size. This would distribute the, oil 
over such a large surface that its effect would probably be lost 
and the use of such methods was not considered in the present 
investigation. 

In connection with the research on the relation of the charac- 
teristics of bituminous coals to their performance in small under- 
feed stokers, an empirical method for the evaluation of the igniti- 
bility of coal had been used. It consisted of the ignition of coal, 
brought to a definite level in the retort of a small stoker, with a 
fixed weight of charcoal and kerosene placed on the top, and 
supplied with air at a definite rate. Observations were made of 
the rate of rise of the temperature of the flue gases from the test 
furnace and the rate of burning of the coal as determined by the 
loss in weight of the furnace and stoker assembly. 

Experiments on a wide variety of coals had shown that the 
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method would quite clearly distinguish between coals of widely 
different ignitibility but that with the present refinements used 
it would not distinguish small differences. Tests have been con- 
ducted on coal from the Pittsburgh and Island Creek seams 
treated with various amounts of 200-sece oils and of Upper Free- 
port seam coal treated with petrolatum. The petrolatum-treated 
coal was furnished through the courtesy of H. R. Fife of Pitts- 
burgh. These tests did not show that the oil or petrolatum made 
any material difference in the ignitibility of the coals. 

Effect of Oil Treatment on Segregation of Coal in Small Stokers. 
In a study of the flow of coal from the hopper to the retort of 
small underfeed stokers, Sherman and Kaiser (7) have shown 
that the screw feed that is generally used for the transfer of the 
coal materially reduces the size of coal that is placed in the hop- 
per. They also showed that the sizes tended to segregate in the 
hopper and in the retort of the stoker and that this produced 
uneven burning in the fuel bed. 

Their report presented data on the comparative crushing of 
coal between the hopper and the retort for coal that was untreated 
and for coal that had been treated with oil. They found no 
effect of the oil treatment on the crushing. They did find, 
however, that the oil-treated coal segregated less in the hopper, 
because the four separate 50-lb increments of coal placed in the 
hopper varied somewhat less in screen sizes, when delivered to 
the retort, than in the case of the untreated coal. Fig. 21 shows 
the data obtained. 


SUMMARY 


This paper has presented a progress report on the comprehen- 
sive investigation of the factors involved in the treatment of coal 
with petroleum products. It includes quantitative data on the 
effectiveness and permanence of various oils and petrolatum on 
two different types of coal. To be most useful to the producers 
and distributors of coal and oil, reference must be made to the 
figures and discussion that present the data. The following gen- 
eral conclusions may, however, be drawn: 

1 The method of determination of dustiness developed by 
Powell and Russell has been found to be convenient and capable 
of reasonable accuracy in duplication of results. The sizes of 
the coarse and float dusts have been found to correspond well to 


: 
i 


; 
+ 
| 
] 
j 
a 
| 
| 
ia 
| 
| 
| 
Sok 
: 
} 
| 
§ 
q 
3 
a 
ae a 
Mets 
va 


FSP-60-6 


the size of dust deposited near a coalbin and that carried to the 
first floor of a house. 

2 For the Island Creek coal tested, oil having a Saybolt Uni- 
versal viscosity of 200 sec at 100 F, was appreciably more effec- 
tive initially in reduction of dustiness than oil having a viscosity 
of 100 sec at 100 F. 

3 From tests on one Illinois No. 6 coal, oil having a viscosity 
of 600 sec at 100 F was more effective than 200-sec oil; and pet- 
rolatum, having a melting point of 131 F was slightly more 
effective than the 600-sec oil. Further tests are in progress 

4 The dustiness of samples of coal treated with oil increases 
after storage. The rate of increase decreases with increase in the 
quantity of oilapplied. After 6-months storage of treated Island 
Creek seam coal the treatment retained a large percentage of its 
original effectiveness. 

5 The sample of coal from the Illinois No. 6 seam was found 
less amenable to effective dustless treatment than the Island 
Creek seam coal. This was found to be due to: (a) moisture 
content of the coal at the time of treatment, and probably to (6) 
minute cracks in the coal which absorb the oil. 

6 The amount of oil required for effective dustless treatment 
of coal varies with the size of the coal as would be expected. 
The removal of the finer sizes, such as the minus-20 mesh by 
mechanical dedusting, materially reduces the amount of oil 
required for a given reduction in dustiness. 
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The Hydraulic Jump in Sloped Channels 


By B. A. BAKHMETEFF' ann A. E. MATZKE,? NEW YORK, N. Y. 


The discussion of a previous paper on the hydraulic jump 
in sloped channels (1) made it evident that the existing 
literature carried no clear exposition of the subject, and 
moreover that no systematic experimental evidence was 
available which would permit an engineer to draw practical 
conclusions regarding the matter. The research described 
in this paper is an attempt to clarify this situation. 


iw nomenclature used in this paper is as follows: 


total discharge, cfs 

a depth of water in the hydraulic jump, ft 

= width of a rectangular flume, ft 

= average velocity in the jump, fps 

= Q/b = discharge per unit width 

= weight of water, lb per cu ft 

= acceleration due to gravity, ft per sec per sec 
= tail-water depth 

= bottom slope of the flume 

= unit pressure, lb per sq ft 

resultant pressure force, lb per sq ft 

= friction force 
= weight 

= volume 


angle of slope 

kinetic-flow factor 

form coefficient 

d,/d, = depth ratio 

distance between control sections of the jump, ft 
coefficient 


ROME KR OTRO 
i 


MoMENTUM EquaTION 


Since Bélanger’s treatment of the subject, it has become cus- 
tomary to treat hydraulic jump in terms of the momentum 
principle. The case is particularly simple with regard to a 


1 Professor of Civil Engineering, Columbia University. Mem. 
A.8.M.E. Professor Bakhmeteff was graduated in 1898 from the 
Classical Gymnasium, Tiflis, and from the Institute of Engineers of 
Ways of Communication, St. Petersburg, in 1903. From 1904 to 
1905 he was engaged in research work at the Polytechnic Institute, 
Zurich, Switzerland, and in practical work in the United States (New 
York State Barge Canal and office of Colonel Bogart, consulting engi- 
neer). In 1911 he received the degree of ‘‘adjunct applied mechan- 
ics,’ corresponding to doctor of engineering. He performed aca- 
demic work at the Polytechnic Institute of the Emperor Peter the 
Great, St. Petersburg, and from 1905 to 1916, was instructor, do- 
cent, and professor; author of many lectures; and consulting engi- 
He was con- 
nected with the Dnieper project (300,000—1,000,000 hp) as chief 
engineer; the Volchow and Immatra project (150,000 hp) of the 
Petrograd Company for Transmission of Hydraulic Power as chief 
engineer; and the Rion Plant, Caucasus (50,000 hp), for the electri- 
fication of the Trans-Caucasus Railroad; a member of the Technical 
Board of the Russian Reclamation Service; chairman of the Board for 
Engineering Research of the Reclamation Service; expert on govern- 
mental and municipal boards connected with irrigation, internal 
navigation, sewage disposal, legislation on public utilities, and water 
rights. With the advent of the World War he volunteered first with 
the Red Cross, subsequently with the Central War Industrial Com- 
mittee, a public voluntary organization of business and professional 
men. In 1915-1916, he was chief plenipotentiary of the C.W.I. 
committee to the United States and a member of the Anglo-Russian 
Purchasing Commission. In March, 1917, after the fall of the czarist 
government, he was appointed undersecretary of state (vice-min- 
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rectangular flume with a horizontal bottom. In Fig. 1 “‘control’’ 
sections 1 and 2 are selected, of which the first is located before 
the jump where the flow is still undisturbed, while the second is 
positioned far enough beyond the jump for the filaments to be- 
come once more rectilinear. Thus, flow in both control sections 
is taken to be “parallel” in the Bélanger sense of the word, curva- 
ture exercising no influence on the distribution of pressures in the 
cross-sectional areas so that pressure distribution is taken to follow 
the hydrostatic law. Referred to the horizontal axis 0-0, the 
change in the momentum of the entering and outflowing stream 
(yQ/g)(U: — U),) is in balance with the resultant of all acting 
forces projected on the 0-0 axis. These consist of the resultant 
of the pressure forces acting on the faces of the cross-sectional 
areas P; — P; = (yb/2)(d,;2 — d,"), to which is added the sum 
of the outer friction forces F, acting tangentially on the mantel of 
the fluid body. Inasmuch as the length of the jump is relatively 
small, it has become customary to neglect these outer friction 
forces because they are negligible compared to the agencies which 
account for the very considerable internal losses. 
Thus, the momentum equation is reduced to 


(yQ/g) (U2 Ui) = (yb/2) (di? — 


For rectangular channels, with Q = gb = Ubd, Equation [1] 
resolves itself into 


d, = (d,/2){— 1+ wv [1 + J} ........ 


the well-known relation between the upper and lower stage re- 
peatedly verified and confirmed by practical observations. - 
In terms of dynamic similitude, with 


as the kinetic-flow factor (Froude number) (2) in section 1 of 
Fig. 1, Equation [2] yields the dimensionless ratio 


d,/d, = (1/2) + V¥(1 + 8d)].......... 


ister) for commerce and industry of the provisional (Kerensky) 
government and in May, 1917, Ambassador to the United States, 
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1930, respectively. Prior to graduation he was employed as engi- 
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System in New York, N. Y. Following graduation he worked for the 
materials-testing laboratory of the civil-engineering department of 
Columbia University on the testing of fire-resistant materials. He 
then became job engineer for the Robert W. Briggs Construction 
Corporation on the construction of reinforced-concrete arch bridges 
in Westchester County, N. Y. In December, 1933, he returned to 
Columbia University as research assistant in the fluid-mechanics 
laboratory. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division for presentation at the 
Spring Meeting of Tae American Society oF MECHANICAL ENGI- 
NEERS, to be held at Los Angeles, Calif., March 23-25, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until April 10, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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When applying the momentum equation to sloping channels, 
one must first select the reference axis. The latter might either be 
horizontal as in Fig. 3, in which case obviously the control sections 
should be vertical, or one may set the reference axis parallel to 
the channel bottom, shown in Fig. 2, with the control areas in 
orthogonal cross-sectional planes. The momentum equation 
being of a vectorial nature, the velocities and pressures in each 
case will have to be represented by their respective projections 
on the reference axis. Designating by Ui and U, the average 
velocities in the cross-sectional areas perpendicular to the sloping 
axis of the channel, and taking d; and d, to be the depths in the 
same planes, the change of momentum with reference to Figs. 2 
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the control sections. In Fig. 1, the bottom being horizontal, 
the weight does not furnish a projecticz on the reference axis 
and therefore does not contribute to the momentum equation. 
In Fig. 2, on the other hand, the weight W = yV, where V is the 
volume of the jump body, contributes a component W sin a 
acting in the direction of the flow; accordingly, the momentum 
equation should read 


(y Q/g)(U2— Ui) = (yb/2) (di? — d,2) cos a + W sin a. . [5] 
In Fig. 3, the weight W’ is once more perpendicular to the 


reference axis; but, in this case one will have to take into account 
the horizontal component P,' sin @ of the pressure forces which 
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act on the bottom of the jump body. The latter obviously is 


and 3 will be (yQ/g)(U: — U;) and (yQ/g)(U2 — U;) cos a, re- 
spectively. When figuring the resultant pressures one should 
bear in mind (see Fig. 4) that the pressure on the bottom of an 
inclined channel is p, = yd cos a, a relation which follows from 
considering the equilibrium of a unit-length liquid component 
of the weight W (3). With this in mind, the resultants of the 
pressure forces acting normally to the control sections will be P; — 
P, = (yb/2)(d,? — d,?) cos a@ for Fig. 2 and Pi’ — P,’ = (yb/2) 
(d,? — d,”) for Fig. 3; also, see Fig. 5. 

The essential feature introduced by the sloped bottom is the 
effect of the weight of the liquid body aa’b’b contained between 


equivalent to the normal projection of the weight of the jump 
body, so that P,’ = W’ cos a. As to the relation between the 
weights W and W’ of the respective liquid bodies in Figs. 2 and 3, 
one easily obtains from Fig. 6 


W’ = W + (7 b/2)(d? — d,”) ig @...... [6] 


Hence, the bottom pressure P,’ shown in Fig. 3, can be ex- 
pressed in terms of W as 


P,’ = W’ cos a = W cos @ + (yb/2)(d.? — d,”) sin @...[7) 


and the final momentum equation for Fig. 3 becomes 
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Q/g) (Us — cos a@ = (yb/2)(d:? — + W cos @ sin a — 
(yb/2) — d,?) sin? a = (yb/2) — d,?) cos? a + W cos asina 


As one could expect, Equations [5] and [8] are identical. 
Furthermore, one should bear in mind that the cos @ values in 
all practical cases are very close to unity. In fact, for a = 0.1, 
cos a = 0.995, with a deviation of 1 per cent being reached at 
a slope of 14 per cent. Therefore, in most practical cases, one 
may simply assume cos a@ = 1, and write the momentum equation 
in the simplified form 


(vyQ/g)(U2 — = W sin + (yb/2) (di? — d,?) ... . [9] 


Fic. 7 


Fig. 


or grouping the factors as they work in the direction of the motion, 
or against it 


(yQ/g)(U1 — U2) + W sin a = (yb/2)(d.* — d,*)... {10] 


Obviously, the difference between Equation [10] for a sloped 
channel and Equation [1] for a horizontal flume is the weight 
component W sin a. Speaking generally, the numerical value of 
W sin @ is quite substantial, and under the circumstances should 
not be neglected. In fact, in historic retrospection one might 
state that most of the confusion arose specifically from the failure 
to appreciate properly the eventual influence of this component. 
As is well known, the pioneer observations of Bidone (4) and 
the classical experiments of Bazin (5) were carried out on jumps 
in sloped channels, the rapid streaming before the jump being 
specifically obtained by working in steep canals with slopes 
above the critical. Uncertainties and difficulties arose at once 
in regard to determining the possible weight of the jump body. 
So, by way of a first approximation, Bélanger proceeded by simply 
neglecting the effect of the weight component, which means that 
Equation (10] for sloping channels became identical with Equa- 
tion [1], applicable strictly to flumes with a horizontal bottom 
only. No wonder that upper-stage values of d: actually ob- 
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served in jumps in sloped channels were found to be much in 
excess of the theoretical values, wrongly computed by using 
Equation [1]. Bazin (5) mentions discrepancies of between 5 
and 15 per cent in excess of theoretical values and that with 
slopes which were anything but excessive. Even such a pene- 
trating thinker as Boussinesq (6) continued to neglect the weight 
component, and having thus overlooked the really essential 
factor, busied himself in reconciling observation with theory by 
attempting to put a special interpretation on a possible friction 
effect of the reversed current in the roller, a procedure totally 
unjustified both physically and dynamically. Only much later, 
when experiments were carried out in horizontal flumes with 
highly rapid flow, originated by outflow from under a sluice, 
could the momentum equation be properly verified and the valid- 
ity of the basic relation in Equation [2] firmly established. On 
the other hand, in 1911 Bakhmeteff (7) carried out a few small- 
scale tests comparing the upper-stage depth d, in a jump in a 
horizontal flume with upper-stage values observed in sloping 
channels under identical discharges and initial depths d,. The 
interesting result of these altogether preliminary tests was, that 
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while the depth widely changed with the slope, the geodetic 
difference between the upper and lower stages seemed to remain 
in all cases without substantial modification. 

To use Equation [10] one must know the weight W of the liquid 
body between the control sections. For a rectangular flume 
W = ybA;, where A; in Fig. 7 is the profile area aa’b’b. In turn 


where L; is the distance between the control sections, and Aj, 
is the area aa’b"b above the horizontal line a’b”. Speaking 
generally, one should expect that both the length of the jump 
and its profile form, which determine A;, will vary with the slope. 
However, in first approximation one may use for A;, values ob- 
tained from observations on jumps in horizontal bottom conduits. 
Viewing the problem in terms of dynamic similitude one may 
expect geometrically similar profiles for jumps, featured by the 
same kinetic-flow factor \, = U,?/gd;. In other words, intro- 
ducing a “form coefficient” w, the area Aj, = aa’b"b, equivalent 
to the rectangle bec"b” in Fig. 8, may be expressed as 


Aj, = wed2,? = = wjdj?............ [12] 


where a, w2, and w; are proper form coefficients referred to the 
depths d2, and d; in the control sections, and to the jump height d,, 
respectively, shown in Fig. 8, such coefficients being dependent 
solely on the value of \; as given by Equation [3]. To determine 
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the form coefficients, one may use the generalized jump profiles 
in terms of \,, presented by the authors in another paper (8). 
Accordingly, a set of curves for w = f(A) is given in Fig. 9. 
In computing these curves, the interrelations between dj, di, and 
d,, (9), and therefore between «), w2, and w; were taken to comply 
with Equation [4]; hence, in the following, d., denotes the theo- 
retical upper-stage depth derived from Equation [4]. As to the 
length of the jump, for reasons made evident hereafter, there 
was used a constant ratio 


Thus, instead of Equation [11], we obtain 


Now, writing Equation [10] for a unit width of the canal, with 
W/b = yA; and U = q/d, one obtains after rearrangement 


# (1-4) = {15] 


Designating the depth ratio as 
d,/dy = 


and substituting with sufficient approximation sin a = S,, we 
obtain from Equations [15] and [3], the dimensionless expression 


— + 2X, + + 2a. = 0....... (17] 
which through substitution of Equation [14] becomes 
— [1 + 2. + + + 2. = 0... [18] 


which is a cubic equation, the coefficients of which, in view of 
Fig. 9 and Equation [4], depend on S, and ; only. For a 
horizontal flume with S, = 0, Equation [18] resolves itself into 
Equation [2]. 


UNIVERSITY EXPERIMENTS 


To ascertain the extent to which the channel slope influences 
the profile forms of the jump, and to investigate Equation [18], 
suitable experiments were conducted during 1936 in the fluid- 
mechanics laboratory of Columbia University, using a tilting 
'6-in. glass-walled flume, the general layout and principal di- 
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mensions of which are given in Fig. 10. The flume allowed 
tilting to a slope of 0.02. For greater inclines use was made 
of a special artificial floor, set at an appropriate angle. This 
floor, through a series of piezometer connections, permitted also 
measurement of the bottom pressures under the jump. 
Altogether, six different slopes were set up, ranging from a 
horizontal channel to a maximum slope of 0.07, with intermediary 
values of S, = 0.005; 0.010; 0.020 and 0.046. Four series of 
experiments were carried out, the procedure being to maintain 
in each group a constant discharge and a constant initial depth, 


TABLE 1 PRINCIPAL ELEMENTS OF THE EXPERIMENTS 
CONDUCTED AT COLUMBIA UNIVERSITY 
Series Q, cfs di, ft A= d;,* lj = 6ds, 
A 0.460 0.124 13.8 0.591 3.55 
0.277 0.063 38.1 518 3.11 
Cc 0.782 0.277 6.5 0.714 4.28 
D 0.412 0.095 24.6 0.620 3.72 
* Computed from Equation [4]. 
| } 
a Slope «0.070 
Pas A-38/ 
Q-0277 | 
05 Wa ofree Jet Depth 
= A Jump Profile, Run 
a | aw” P ” » 2 
02 
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and to record the profiles and bottom pressures for all or part of 
the slopes. No observations were accepted unless a repeated run 
resulted in practically coinciding values. The technique used in 
working on the apparently unstable features of the jump was 
described in another paper by, the authors (2). A summary 
giving the principal elements of the experimental series is given 
in Table 1. 
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Examples of individual records for the highest and lowest values 
of A; are given in Figs. 11 and 12. It is interesting to note that 
no appreciable difference can be observed between the depths 
and the local bottom pressures, except for a very limited zone 
near the toe of the jump, outside of which the profile and the 
pressure curves coincide. Records of the type given in Figs. 11 
and 12 may be further used to verify in a direct manner the mo- 
mentum Equation [10]. For example, if the observed figures for 
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run C;, shown in Fig. 12, were inserted in the groups constituting 
Equation [10], we would obtain 


(yQ/g)(U: — U2) + Wsin a = (yb/2)(d,? — d,’) 
8.00 + 6.57 = 13.84 
The sum of the left-hand terms, 14.67, is about 5 per cent in 
excess of the pressure gradient resultant on the right, that is, 


13.84; however, this discrepancy is to be expected and is due to 
the omitted effect of the friction 


| | force. 
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the surface lines being marked in 
= Q -0. 282 the same manner as used to in- 
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odump Profile, Run I ler slopes the profile lines practi- 
cally coincide geodetically, which 
confirms the earlier cited observa- 
as ~ tions by Bakhmeteff (7). How- 
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tively small by comparison with 
the drop of the canal bottom. As 
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TABLE 2) VALUES OF d:; AND d:/di FOR VARIOUS VALUES OF So 
So = 0 So = 0.005 So =0.010 So = 0.020 So = 0.046 So = 0.070 
Series dy dz dy d>/dy dy d2/d, dy d:/d, d:/d; 
A 13.8 0.124 0.557 4.49 0.583 4.70 0.602 4.85 0.634 5.11 0.714 5.76 0.771 6.22 
B 38.1 0.063 0.488 7.75 0.508 8.08 : ; 0.538 8.55 0.622 9.88 0.680 10.80 
( 6.5 0.227 0.685 3.02 0.710 3.13 0.768 3.38 0.864 3.81 0.942 4.16 
D 24.6 0.095 0.605 6.37 ; se 0.668 7.03 0.736 7.76 0.805 8.48 


TABLE3 COMPARATIVE THEORETICAL AND OBSERVED DATA 
FOR A HORIZONTAL FLUME AND THE EXTREME CASE OF 
So = 0.07 

=  ———— Se = 0.07. 
dy dy 
d,  _observed ds observed 
ob- from dy ob- from dy 
A d, served Eq. [4] theoretical served Eq. [18] theoretical 
6.5 0.227 0.685 0.714 0.959 0.942 1.007 0.938 
13.8 0.124 0.557 0.591 0.943 0.771 0.815 0.947 
24.6 0.095 0.605 0.620 0.975 0.805 0.843 0.961 
38.1 0.063 0.488 0.518 0.944 0.680 0.702 0 964 
12 
10 
fro 
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to the length of the jump, the tendency is for the profiles to 
lengthen as the slope increases. As a matter of practical proce- 
dure, a vertical demarcation line has been drawn in each of 
Figs. 13 to 16, inclusive, at a distance L; = 6d2,,d2, being com- 
puted from Equation [4]; each of the demarcation lines ap- 
pears to be located definitely beyond the expanding part of the 
jump. In other words, the distance 6d2, may be taken as a safe 
jump limit. 

Figs. 13 to 16, inclusive, further indicate that the area Aj;,, 
shown in Fig. 7, does not substantially differ from the area aa’bb” 
in Fig. 8 for a horizontal bottom, and that therefore the approxi- 
mate reasoning leading to Equation [18] would seem to be justi- 
fied. The actual weight W of the jump body in a sloped channel 
will be slightly less than the one computed from Equation [14] 
based on horizontal-bottom jump forms, but the final effect of 
this discrepancy on the depth ratio as derived from Equation [18] 
should not be significant. Of course, theoretical d2/d, values 
from Equation [18] must be in excess of actually observed figures, 
due to the neglecting of the friction effect, but the difference 
should be of the same order as for horizontal channels, when 
comparing observed data with values derived from Equations 
and [4]. 

A summary of the principal data is presented in Table 2. 
Other necessary data are given in Table 1. The d, values in 
Table 2 are depths observed at section 2 at a distance L; = 6d,,. 
The d,/d, values are ratios of the observed d, to the initial depth 

Theoretical curves d2/d; = f(S,, \:) derived from Equation [18] 
are shown in Fig. 17 together with the observed points of d:/d,. 
The agreement between experiment and theory is quite satis- 
factory, particularly when one bears in mind that the size of the 
flume was relatively small, which necessarily made the friction 


effect unusually noticeable. In larger conduits, the agreement 
between observed data and the theoretical Equations [18] and 
[4] should be closer. The size of the flume also unavoidably 
influenced the numerical values of the form coefficients w as 
given in Fig. 9. Eventually, observations on Jump forms ob- 
tained with flumes of larger size may help to improve somewhat 
the w = f(A) curves. The order of discrepancy between theo- 
retical values from Equation [18] and observed values is further 
made clear by Table 3 which contains comparative figures for a 
horizontal flume and the extreme case of S, = 0.07. 

In operating with the cubical Equation [18] which may be 
symbolically written as 
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recourse may be taken to a simple graphical solution, illustrated 
by Fig. 18. The sought for values of £ = d:/d, are the abscissas 
of the point of intersection of a £° curve plotted once for all, with 
straight lines drawn from a point at a distance —2d, below zero 
at an angle 


B = + 2A, + 25,01 + 3868, d,)? 


Obviously only solutions giving € > 1 are compatible with phy- 
sical reality. 

A further simplification in practical applications of Equation 
[18] may be derived from the fact as evidenced by Fig. 17, that 
the course of the theoretical (& = d:/d,) curve follows practically 
a straight line. In other words, within suitable limits, the rela- 
tion between d: for a sloped channel and d,, for a horizontal 
flume may be reduced to the simple relation 
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where K,, once more a coefficient depending on \, only, is numeri- 
cally equal to the angle of incline of the respective d:/d; line versus 
S, in Fig. 17. Values of K; have been determined graphically 
from plots similar to Fig. 17 for values of the kinetic-flow factor 
A, extending to 50, and for slopes up to S, = 0.10. The K; = 
f(\) curve is shown in Fig. 19. 

Equation (20] further may be written as 


which by multiplying the K, = f(d:) values taken from Fig. 19 
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by the inverse values of d,,/d; = f(:) from Equation [4] results 
in 


d,/d,, = 1 + K2S, 
dy dx, K2S,d2, 


Onee more the Kz = Ky,(d;/d2,) coefficients are against 
in Fig. 19. 

For the purposes of engineering design the authors consider 
Equations [20] and [22] as the practical and simple answer to the 
problem of determining the upper-stage depth d2 of a hydraulic 


jump in rectangular channels of moderate slope, that is, up to 
S, = 10 per cent. The value of d, computed from these equa- 
tions is the depth at a distance L; = 6d, from the toe of the 
jump, with d,, figured from Equation [4]. The situation is 
shown schematically in Fig. 20. The difference between the 
levels A and B, representing the theoretical upper stages in a 
horizontal and a sloped channel is obviously equal to (6 — Kg) 
S,d2,. In most cases a constant thumb-rule figure of K; = 5 will 
give an approximate answer. 

Inasmuch as Equations [20] and [21] are theoretical relations 
with friction omitted, values of d; derived from these equations 
will be found to be somewhat in excess of the actual observable 
depths. This discrepancy, however, will diminish as the size of 
the conduit increases. 


STEEP SLOPES 


Laboratory facilities did not permit extending systematic experi- 
menting to larger slopes. However, in practice, with steep slopes 
such as occur in aprons of dams and spillway chutes, there can 
scarcely be sufficient channel length for the jump to unfold 
wholly within the reach of the steep portion. The phenomenon 
is usually one of transition at the foot of a hydraulie structure, 
the jet at least partly expanding over the adjoining low-slope tail- 
water section. 

In Fig. 21 d; being the depth in free condition, the reciprocal 
depth d:, determined from Equations [4] or [18], fixes the 
tail-water level B,, which delimitates possible forms of the 
phenomena. Section C-C marks the end of the jump. Fort’ < 
d; (level B’), the jump will be repulsed and will unfold fully within 
the mild-slope section. For depths t” > d, (level B”), tail water 
will move over the steep slope drowning the heretofore free jet. 

Observations indicate, that for steep slopes the forms of the 
phenomena are substantially modified. A jump in a horizontal 
or mildly sloped channel is marked by a steep roller front. 


1 
= 
> 
| 
| (2) 
' 
d, (b) 
1 2 
A 
(1) (2) 
| | 
fa__/a 
== 
| d, 0, 
(1) (2) 
A € 
4 dr, do, 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


T T 
oWater Surface Point 
+Floor Pressure 
E 
— Submerged Nappe 
£ / Ns B 
Q. 
9... J 
ISiope= 0.446 Ft per FS | 
“2.0 “1.0 0 1.0 20 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0 
Horizontal Distance in Feet 

Ps 1.0 

= 06 Dt 

+ B 

204 EX 

0.0 100 0 50100 0 50 100 


Velocity in Ft per sec 


23 


Further, the live streaming commences to expand under the 
roller rather brusquely right near the toe, the upper surface of 
the live jet being directed upward. Both these features are 
absent in case of a steep slope. Instead of following an outline 
as indicated tentatively in Fig. 22a, the pattern unfolds as shown 
in Fig. 22b. The live jet “plunges” into the tail water and 
within the steep section follows the slope downward with com- 
paratively slow expansion and obviously relatively small losses. 
Rapid expansion with the surface of the live streaming directed 
upward occurs principally in the low-slope region, and it is ap- 
parently there that most of the energy dissipation takes place. 
The phenomenon, as shown in Fig. 226 should be qualified as a 
“covered” or “drowned” nappe in a weir (10), and differentiated 
from the jump proper, as observed in mildy sloped channels. 
The distinction is further illustrated by Fig. 23, summarizing 
observations on a slope of tga = 0.446 and q = 1.18 cfs. 

The practical meaning is that the reach A-C in Fig. 21, cor- 
responding to tail-water level B, continues to be the principal 
locus of jet expansion and energy dissipation even after the 
streaming down the steep slope becomes submerged. 

Between steep slopes, manifesting covered nappes, and moder- 
ate inclines, where the Jump occurs in its customary form, there is 
bound to be a delimitating zone, with a slope value Saei. 

Precise quantitative formulations require further experiments, 
but broad qualitative characterization may be derived from the 
fact that in essence the outline of a jump is determined by the 
average angle of expansion of the live streaming under the roller. 
This expansion rate is roughly characterized by the ratio d;/L, 
which is the height of jump/length of jump. From the di- 
mensionless L;/d; curves (11), and the generalized profiles (12), 
the average rate of expansion proves to be around 0.2. It stands 
to reason that if the order of magnitude of the slope becomes too 
large, the upper surface of the expanding jet will cease to be as- 
cending, and a “covered-nappe”’ effect will take place in contra- 


distinction to the jump proper, which will occur at smaller 
slopes. 

To complete the qualification of possible flow forms, one should 
bear in mind that at very steep slopes and with low discharges, 
flow may cease to be a permanently uniform sheet, and water will 
flow down in the form of periodical intermittent waves (13). 
The present general knowledge of this case is very rudimentary. 
Obviously, the transition phenomena will assume special forms. 
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The Problem of Flywheel Effect and Speed 


Regulation for Diesel-Engine-Driven 


Machinery 


By A. D. ANDRIOLA,' GROTON, CONN. 


The author points out that the analysis of the flywheel 
problem most commonly used is based upon the assump- 
tion that the shafting connecting the various masses is 
infinitely rigid, and that there is no agreement on whether 
or not the engine, flywheel, and generator mass are to be 
accounted for, the usual opinion being that the flywheel 
and engine only enter into the result. Attention is called 
to the fact that the inherent errors of the ordinary solu- 
tion have been exposed by several authors, but that no 
specific attempt has been made to compare quantita- 
tively the results obtained by the correct solution with 
those as ordinarily calculated. The author discusses both 
solutions of the problem, and compares results obtained 
with torsiographic data taken on actual installations. 


terms of a coefficient of regulation written as 6 = (maxi- 
mum speed-minimum speed)/mean speed. In engines 
intended fgr mechanical drive, speed regulation is seldom of 
importance provided that, first sufficient mass exists to satisfy 
the starting and slow-speed requirements of the installation, and 
second that the transmission of torque reaction through the 
foundations be restricted to a value consistent with the structural 
safety of the surroundings and such as not to interfere unduly 
with the physical comfort of those persons required to be in the 
vicinity of the installation. Where prime movers of the recipro- 
cating type, whether internal-combustion or steam, are utilized 
to drive a-c generators either singly or in parallel network, speed 
regulation then assumes great practical significance, due to the 
fact that permissible light flicker in the one case and line voltage 
fluctuation in the other must necessarily be restricted to rather 
narrow limits if satisfactory plant operation is to be maintained. 
At the present time the analysis of the flywheel problem most 
commonly used is based upon the assumption that the shafting 
connecting the various masses is infinitely rigid. Such standard 
texts as discuss the matter at all disagree as to whether the 
engine, flywheel, and generator mass are to be accounted for, the 
usual opinion being that the flywheel and engine only enter into 
the result. Obviously, neither assumption represents the actual 
conditions, but apparently they are assumed to approximate the 


i i CRITERION of flywheel effect is ordinarily defined in 


1 Assistant Engineer in charge of engine calculating department, 
Electric Boat Company, Jun. A.S.M.E. Mr. Andriola attended the 
Webb Institute of Naval Architects and Marine Engineers from 
which he was graduated in 1932. In 1933 he received the degree 
of B.S. in mechanical engineering from the University of Michigan. 
He has been associated with his present concern since 1934. 

Contributed by the Oil and Gas Power Division and presented at 
the Tenth National Oil and Gas Power Meeting of THE AMERICAN 
Socrety or MEcHANICAL ENGINEERS, held at State College, Pa., 
August 18-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Disous- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual statements of their authors, and not those of 
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latter to a degree tolerable in practice. No rational basis, 
however, exists which supports these even as crude approxima- 
tions and the results obtained will, in the majority of cases, be 
very far from the truth. The inherent errors of the ordinary 
solution have been exposed by several authors, among them 
Lewis (1)? who in conjunction with the problem of torsional vibra- 
tion also discussed briefly the necessary procedure for obtaining 
the correct coefficient of regulation. The proper solution de- 
veloped by Lewis, however, has not achieved wide usage among 
engine designers, and amplification in conjunction with test 
data may well serve to further this end. 

The allied problem of flywheels for air compressors driven by 
synchronous motors has been treated by Doherty and Franklin 
(2) and later by Goss and Putnam (3). In both cases, however, 
while a correct statement of the problem was given, the elas- 
ticity of the shafting was unaccounted for. No specific attempt, 
to the author’s knowledge, has as yet been made to compare 
quantitatively the results obtained by the correct solution with 
those as ordinarily calculated. It is the purpose of this paper, 
therefore, to discuss both solutions in a more complete manner 
and further to compare calculated results obtained from them 
with torsiographic data taken on actual installations. 


NOMENCLATURE 


J = WR?/g = mass polar moment of inerta, lb X in. x 
sec? 

6 = angular displacement of the mass J above or below the 
mean displacement, radians 


6 = first derivative of @ with respect to time, radians per sec 
6 = second derivative of 6 with respect to time, radians per 
sec? 
W = weight, lb 
R = radius of gyration, in. 
g = gravity constant in./sec? 
a = displacement of generator rotor, electrical deg 
d = shaft diameter, in. 
G = modulus of elasticity in shear, lb per sq in. 
L = length of any shaft element, in. 
k = elasticity constant for any element = rGd‘*/32L in-lb 
per radian 
t = time, sec 
¢ = function of 
T = engine torque, gas, and inertia forces combined, in-lb 
p = frequency constant for natural frequency of vibration, 


radians per sec 
m = frequency constant for forced frequency of vibration, 
radians per sec 
T, = generator synchronizing torque, in-lb per radian 
\ = amplitude of vibration, radians 
¥v = phase angle, radians 
4, @2, etc. = harmonic components of engine torque, in-lb 
C and D = constants of usual flywheel caleulations, in-lb 


? The numbers in parentheses refer to the Bibliography given at 
the end of the paper. 


“he 
te 
4 
“ 
7 
pe 
: 
4 
4 
4 
= 
a 


= order of vibration 


q = number of pole pairs in a generator 
hp, = brake horsepower 
n = revolutions per sec 


SoLurion ASSUMED INFINITELY RIGID 


The assumption of infinite rigidity is equivalent to assuming 
that the displacement, velocities, and accelerations for all masses 
are identical in both phase and magnitude; therefore, J may be 
written as representing the total mass in the system. In mathe- 
matical form, the equilibrium equations then become 


[1] 
from which, by successive integration, we obtain 


Soelthdt 


and 
_ Seb at 
J 


Where the turning moment 7’ cannot be expressed as a simple 
mathematical function, the integration may be performed me- 
chanically. The resulting velocity and displacement curves 
are shown in Fig. 1, and the equations used for design work 
usually appear in the following or some other equivalent form 
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Apy x Cx/0° 
WR 


W: Weight of Flywhee/ Rim, lo 
R- Radius of Gyration,ft 
N-Rpom 


6 - Coef of Reaulation 


o 


Coefficient, C 


a 
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TyricaL Design SHeet Usep ror Mass 
DETERMINATION 


Fig. 2 


for generator drive, wherein C and D are so-called constants 
derived from the integration process. It will be noticed that in 
Fig. 1 the power distribution has been taken to vary +5 per cent 
between cylinders and in general several combinations of power 
distribution are analyzed to determine the maximum possible 


value of C. In most cases, also, the coefficient C is obtained for 
5 = re [4] Various numbers of cylinders, usually from 1 to 8 or 10 and it is 
WRN obvious that the work involved is quite lengthy and tedious. 
for mechanical drive, and This results in another familiar curve employed for design pur- 
poses, shown in Fig. 2, where C is plotted against the firing inter- 
(5) val in crankshaft degrees. 
NSa A restriction would be necessary in the application of such co- 
Angular Velocity Mean Angular MeanAngular Displacement 
1 A Displacement Acceleration 
\ 
Mean Angular Velocity i 
/ \ <4 
\ ; 
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0 120 210 
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Fig. 1 ANGULAR- ACCELERATION, ANGULAR- VELOCITY, AND ANGULAR- DISPLACEMENT CURVES 


(6 = (Nmax — Nmin)/Nmean = 30hibe/xNJ; 


thus, C = JgN%/hpp = and 4 = Ca/gs = 
e/J radians per sec?; horizontal seale, 1 in. = b sec.) 
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efficients to units of three cylinders or less, since for different 
speeds the inertia-torque characteristics would alter appreciably 
the shape of the turning-effort curve which in turn furnishes 
the basis for analysis. The pronounced effect in engines of this 
particular number of cylinders arises from the properties pe- 
culiar to inertia torque and is best studied from the expanded 
form of the expression for the latter. This expansion is com- 
posed of an infinite number of sine terms, the first three orders 
of which represent approximately 97 per cent of the total sum; 
the value of the succeeding terms decreasing very rapidly beyond 
the third. It can then be shown analytically or graphically 
that when the inertia torque is combined for any number of 
cylinders all orders except the integral multiples of the number 
of cylinders will cancel out. In such cases the integration would 
have to be performed for individual operating speeds. 


Correct SOLUTION—SHAFTING ELASTICALLY FINITE 


A discussion, based on purely physical reasoning, of the condi- 
tions that will obtain in a rotating system composed of several 
elastically connected members, n of which are acted upon by 
periodic torques, will prove a distinct aid in a better understand- 
ing of the proper theoretical solution. Thus, we may consider, 
for the sake of simplicity, two disks elastically connected and so 
arranged that a harmonically varying torque may be conven- 
iently applied to one of the masses. When the torque varies 
very slowly the two masses will move as one except for a slight 
lag in the second disk due to the twist in the connecting element. 
As the velocity of torque variation is increased the time allotted 
for acceleration and deceleration of the second mass becomes 
proportionately less and the disks will move out of phase. If the 
frequency of variation were increased further to coincide with 
the natural torsional frequency of the system it will be seen that 
the two disks will move in exactly a 180-deg phase relation, 
each reaching its maximum displacement at the same instant 
but in opposite directions. Increasing the velocity of torque 
variation beyond this point results in a proportionate decrease 
in the time available for energy changes, and the movement de- 
creases in magnitude and ultimately becomes zero, the two disks 
then moving in unison and at a constant rotational speed. The 
extension to a multimass system involves no new conditions 
with the exception of the number of possible modes of vibration, 
there being n — 1 possibilities for n masses. It is obvious that 
the angular displacement will vary in magnitude for each mass, 
depending on the proportions of the system and that particular 
configuration of twist that it may assume. If any nodes should 
exist in the system it is equally obvious then that masses located 
at any such points are capable of uniform rotation only, and there- 
fore are useless in speed regu- 
lation. An immediate con- 
clusion is that if, in a genera- 
tor drive, the rotor were posi- 
tioned at a node, the desirable T 
condition of uniform rotation 
would be thereby obtained 
and the problem would cease 
to exist. However, if a flywheel should be so located, and the 
condition is commonly met with, then such a mass does not ful- 
fill its purpose, having in fact no influence whatever upon the 
rotation. Existing electrical systems which the author has had 
the opportunity to study are usually arranged with a very heavy 
flywheel interposed between the engine and generator, which 
position upon both calculation and test invariably proves to be 
at or very near the nodal point. The conclusion follows that such 
systems are uneconomically and poorly disposed. 

For ease of mathematical presentation the case of two disks 
is again chosen since the conclusions which may be drawn will in 
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general apply to systems with any number of rotating members. 
The extension to n masses involves no confusion and is developed 
in a following section. Those familiar with the calculation 
of critical speeds will realize that the problem is in reality that 
of forced vibrations in a mechanical system, and as such can be 
incorporated to form an integral part of this routine computa- 
tion. The external torques on the system are those due to gas 
forces in the engine and to damping forces acting on both the en- 
gine and the driven masses, and, in the particular case of a-c 
generators operated in parallel, those due to synchronizing and 
damping forces. Also, torques exist internally by virtue of the 
twist in the connecting shaft elements, inertia of the rotating 
and reciprocating masses, and the hysteresis effects of the stressed 
components of the system. In the following treatment all damp- 
ing forces are neglected since their effect, in systems of ordinary 
proportions, is not appreciable except at resonance points, and it 
can be safely assumed that a system will not be intentionally oper- 
ated at such speeds. We may consider then the system shown in 
Fig. 3 to be acted upon only by those quantities indicated, the 
torque 7’ shown being assumed as composed of only two har- 
monies in addition to a mean value. 
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The equilibrium equations then become 
Jib + k(0, — 6) = a, cos (mt + y1) + a2 cos (2mt + yr) 
and 
Jb. — k(0, — 62) = 0 
the solutions for which may be written as 
Ai cos (mt + yy) + Ay’ cos (2mt + Yr) 
cos (mt + + do’ cos (2mt + ¥2) 


and thus for the maximum values of 6; and 6, we obtain 


a (k — Jam?) 1 a (k — Jom?) 1 


[6] 

(0 ) = a, 1 a 1 
mJ, + J2) 1 — m*/p? J, + Ja) 1 — 4m2/p? 
[7] 


In Fig. 4 the variation in 6, with increase in m/p is plotted 
against the latter as a base; however, the values are not absolute 
but proportional to those shown. At the origin we have the 
condition m/p = 0, and when this value is substituted in Equa- 
tions [6] and [7] we obtain 


a, 4 a, 
+J2) + Ja) 


0; = 


6 
} Calculation for 8, has been 
4 + + + + + 
: made with a,= andy,= 
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from which, since 6; = 62, the equilibrium equations reduce to 
(i + J2)6; = Tor J6, = T = ¢(t) 


which is identical with that for the assumption of infinitely rigid 
shafting. The range of m/p in which the latter assumption may 
be considered a fair approximation is restricted to rather narrow 
limits. For all practical installations then such an assumption 
will lead to reliable results only at extremely slow speeds, i.e., 
for the first few revolutions made in starting from rest. Be- 
yond this range the angular displacement may be larger or smaller, 
depending on the particular value of m/p and the arrangement of 
masses used. In any case, it is obvious, from Fig. 4, that the 
error inherent in this method can assume serious proportions. 


7; Tow Fx Thy 
Fig. 5 


Utilizing the notation shown in Fig. 5, the extension to n masses 
yields 
+ — = Ti 
63) — — 62) =T, 
Jabs + — 6) — — = Tr 


J nbn (On—1 = Ts 


where 7';, 72, 73, etc., in the case of a Diesel engine are composed 
of an infinite number of harmonic components; however, the 
solution can be carried out independently for each component if 
necessary and the results superimposed. Substituting for T any 
one component, say a cos mt, the solution will then be of the form 


@ = d cos mt and 6 = —dm? cos mt 
Replacing @ by \ cos mt in Equations [8] and adding, then 
—m + Sede + Sadat... = +a,+.... +a, 
or 
i=n i=n 


i=1 i=1 
Writing each in terms of the preceding ’s, we obtain 
& + | (a; + a2) + + 


or, in general terms 


i=i-1l 
1 
As = — (a; + Jidim?) 
ki- 1 
i=] 

For the case of an a-c set operating in parallel with a large power 
system for example, Equation [8] would be modified to include 
the torque due to the synchronizing force acting on the generator 
mass. Assuming this mass to be the nth in the system, the 
equilibrium equation would be 


J aba — — On) + T. On = 0 


In practice, however, the flexibility of this electrical spring is 
very high compared to the mechanical elasticities in the unit; 
thus, as a close approximation, we may consider the mechanical 
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torsional frequency and the “hunting frequency” and conse- 
quently their displacements as mutually independent. The ef- 
fect of the electrical connection to the power system may thus 
be treated as a separate problem. 

The determination of the angular displacements can be per- 
formed conveniently by the use of the familiar tabular method 
used in approximations for natural frequencies, one additional 
column being appended for the external torques. From such a 
tabulation, given in Table 1 for one of the cases recorded in 
Table 3, \; and consequently all succeeding displacements can 
be obtained from the condition given by Equation [9]. In 
theory, all harmonics should thus be accounted for and their 
effects superimposed, but unless the unit is operated within 
the influence range of some critical speed, a calculation only for 
the order equal to the number of firing impulses per revolution 
will yield results sufficiently accurate for any practical problem. 

Table 1 shows the method employed and gives the computed 
displacement at the generator for case 3 of Table 3, that is, a 
six-cylinder d-c unit. The displacement is that due to the third- 
order harmonic which is the major order, all harmonics being in 
phase. At300rpm this gives a forcing frequency of 15 cycles per 
sec, thus m? = (307)? = 8883. The magnitude of the third- 
order harmonic as computed from Lewis’ coefficients is 10,020 
in-lb, inertia accounted for, and is designated as a in Table 1. 
The position of the major criticals in this instance were as fol- 
lows: One-node natural frequency 970 cycles per min, hence 
third order at 323 rpm, sixth order at 162 rpm, and ninth order 
at 108 rpm. Major orders for the two-noded form were out of 
range. 

Since critical-speed calculations must in any event be made, the 
problem involves one additional calculation with the use of pre- 
determined values, and requires therefore a minimum of time 
and effort. Determination of the coefficient of regulation at any 
one point follows from the equations developed by Lewis (1) 


6 = mX sin mt 
6max = Xm 
and 
= Bmax — Omin _ 
Omean 2rn 
Hence 


where r is the order of vibration under consideration. 

The form for 6 given by Equation [10] is of particular interest 
since it leads to the conclusion that for a given power, speed and 
permissible deviation 0, the coefficient of regulation that can be 
tolerated will increase in direct proportion to the number of 
cylinders employed for engines of similar stroke cycle and action. 
The usual procedure of specifying particular values of 5 for vari- 
ous types of drive, regardless of the engine characteristics, might 
reasonably be improved upon by modification in this respect. 

For actual calculation purposes harmonic analysis of the turn- 
ing-effort curve will not be necessary where Diesel engines are 
used as prime movers. The necessary value for the various har- 
monic components can be estimated from curves given in the 
papers of Wydler (4) or Lewis (1). The coefficients given by 
Lewis were derived from a series of indicator cards for air-in- 
jection engines with a maximum pressure of 550 lb per sq in. 
and a connecting-rod/crank ratio n of 4.25, but a check against 
actual harmonic analyses shows these values to hold as well for 
mechanical-injection engines with maximum pressures up to 650 
Ib per sq in. and n from 3.8 to 5. A series of indicator cards from 
a mechanical-injection engine operating at a maximum pressure 
of 750 Ib per sq in. have been analyzed by the author. The 
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TABLE 1 COMPUTED DISPLACEMENT AT THE CaNERATOS, TO THIRD-ORDER HARMONIC, FOR A SIX-CYLINDER D-C 
Mass J Jm? a + Jdrm?) k (1/k)Z(a + Jdm?) 

Generator 11190 99.42 x 108 99.42x, X 108 106 54.5 X 1.8342r; 

Flywheel 6090 54.10 K 10* —0.8242r\; —44.57m X 106 ... 54.85% X 10 204.0 K 10% 0.2688A; 

Cyl No. 6 454 4.03 X —1.0930A; —4.40a X 108 50.454 X 108 284.0 0.1766: + 0.0035a x 10-6 

Cyl No. 5 454 4.03 K —1.2706\; — 0.0035a 1075 108 45.33 X 106 284.0 X 0.1596: + 0.0070a x 10-8 
—0.0l4la 1.98594 

Cyl No. 4 454 4.03 K 106 —1.4302\, — 0.0105a X 1078 10 a 39.57m X 106 284.0 X 108 0.1393; + 0.0104a 10-8 
2.94364 

Cyl No. 3 454 4.03 K —1.5695\; — 0.0209a X 1076 10¢ a 33.25. X 10 284.0 108 0.1171: + 0.0136a XK 10-6 
3. 8592 

Cyl No, 2 454 4.03 K 10 —1.6866\; — 0.0345a x 1078 —6.79a: 108 a 26.46. X 321.0 X 10% 0.0823A* + 0.01474 10-8 
— 0.1390a + 4.7202a 

Cyl, No. 1 454 4.03 —1.7689\, — 0.0492a 10-* —7.13M: X a 
— 0.19824 + 5.5220a 


Note: 10* X + 5.5224 = 0; = (5.522 XK 10020 


x 180)/(19.33 K 10%) = 0.164 deg. 


Note: The calculations in this table are for the six-cylinder d-c generating unit given as the third case in Table 3. 
Note:The magnitude of the third-order harmonic as computed from Lewis’ coefficients is 10020 in-lb, inertia accounted for, and is designated in this 


table asfa. 


TABLE 2 VALUES OF INERTIA-COMPONENT FACTORS F 


rigid shafting, neglecting for the moment all theoretical con- 


Cc ti i 
ratios Siderations, the tabulated results prove far more than any 
Order Sign - Values of F verbal condemnation. In mechanical drives, however, the 
= 0.8000 0: 8000 0.800 0: 8000 0: 5000 0. 000 99088 chief objection to the method arises not from the inac- 
3 - 1920 0.1870 1820 0.1 174 .1700 0.166 0.1620 curacy i i i 
4 - 0.0161 0.0153 0.0146 0.0139 0.0133 0.0127 0.012 0.0166 na a of the value obtained for 4, since the latter is of 
little import in this case, but rather from the interpreta- 
locity). anguler ve- tion which is given to such a result. If the 5 so obtained 
TABLE 3 COMPARISON OF TEST AND CALCULATED DATA 
- Caleulated results 
; Shafting Difference As a forced Difference, 
Unit Speed, Location —Recorded data— rigid ——-per cent ———vibration _——per cent——. 
tested rpm of torsiograph ge é 
Note A 280 Cyl. No. 0.190 1/50. 20 50 —29.5 —29.8 0.1940 1/49.10 +2.1 +2.1 
Note A 280 Generator 0.278 1/34.40 0.1340 1/71.50 —51.8 -51.9 0.2710 1/35. 20 —2.4 —2.4 
Note A 300 Generator 0.169 1/56.50 0.0547 1/182 7.6 —69.0 0.1640 1/58.30 —3.0 —3.0 
Note A 225 Note B 0.494 1/19.33 0.2560 1/388 ~48.2 -95.2 0.5040 1/18.96 +1.9 +1.9 
Note C 240 Generator 0.0482 1/205 0.0262 1/364 
Note D 720 Generator 0.0298 1/790 0.0590 1/1210 


Note A: Six-cylinder generator set. 

: Torsiograph located at forward fly wheel. 
Note C; Six-cylinder generator unit. 

Note D: Seven-cylinder generator unit. 

® Given in mechanical degrees. 


results are plotted in Figs. 6 to 9, inclusive, and may be used for 
pressures in this range. The application to engines other than 
the four-cycle single-acting type can be made in accordance with 
the approximations given by Lewis. For orders above the 
third, the value is taken directly from the resultant harmonic 
components; where inertia is to be accounted for, the resultant is 
obtairied as follows: 

Let a, = sine component, a, = the cosine component, and 
, = inertia component; then the 


V + a’,)? + 


The inertia-component factor F is obtained from Table 2, 
which was computed by Porter (5). 


a’ 


resultant component = 


Test Data 


The values calculated by both methods are listed in Table 3 
in conjunction with actual test results where these were available; 
the percentage of error was calculated with the latter as a basis. 
Angular deviation calculated on the assumption of infinitely rigid 
shafting is seen to vary appreciably in most cases, the variation 
being plus or minus depending on the individual case and shows 
clearly that results so obtained are not only erroneous quantita- 
tively but in addition have no qualitative significance. Values 
obtained by treatment as a forced vibration due to an order equal 
to the number of firing impulses per revolution, however, show 
extremely good agreement, indicating that the few assumptions 
made in this case are justified. 


CONCLUSION 


With respect to solutions based on the assumption of infinitely 


should appear small for a proposed system, use of this coefficient 
would call for an increase in mass in proportion to the desired 
decrease in 5, thus adding weight when in reality it may not 
only be unnecessary but actually harmful. Fixing the minimum 
mass for the system in this arbitrary manner may further produce 
difficulties in obtaining an economical and well-disposed arrange- 
ment for avoiding torsional vibration. For this reason alone 
there is ample justification to discard such a criterion and to fix 
both the size and the position of the fly-wheel, if any, by criti- 
cal-speed considerations, once the starting requirements are pro- 
vided for. : 

As mentioned previously, in the case of generator drives for 
parallel operation, the regulation problem is fundamentally 
important. Considering the relation between 6 and the angular 
deviation a there appears to be sufficient reason for disregarding 
the former entirely and basing the operating characteristics in 
this respect on the latter. While not explicitly stated, the same 
conclusion may be implied from the equations derived by Doherty 
and Franklin (2). 

In a previous section of the paper the author mentioned the 
device of placing the generator at a node in order to obtain 
zero angular deviation. The treatment of the problem as a 
forced vibration indicates still another arrangement which might 
possibly be used to advantage for such drives, and while it is not 
directly concerned with the flywheel problem it is of sufficient 
interest to note. It can be demonstrated that if in a two-mass 
system, one of the masses be made sufficiently large in proportion 
to the other, approximately 8 to 10 times as great, then vibratory 
motion at the large mass will be virtually zero. The construc- 
tion then indicated is to distribute the necessary power over as 
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large a number of cylinders in the driving element as practical 
considerations will permit, and then to incorporate all flywheel 
mass into the rotor. Increasing the number of cylinders for the 
same power would incidentally bring about an increase in the 
ratio m/p, which, for the usual proportions used, is in the direc- 
tion of decreasing angular displacement. 
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Determination of the Rate of Discharge 


in Jerk-Pump Fuel-Injection Systems 


By KALMAN J. DeJUHASZ,' STATE COLLEGE, PA. 


The performance of a jerk-pump fuel-injection system 
under varied operating conditions is analyzed by the 
graphical method developed by the author. Effect of 
open and closed nozzles, of varying orifice sizes, of pump- 
speed, of pipe-diameter, of pump delivery rate are dis- 
cussed. The experimental equipment constructed at the 
Pennsylvania State College is described, which serves to 
measure the rate of discharge by the stroboscopic method. 


plicated.” This old verity is well illustrated by the hy- 

draulics of fuel injection. In this case the half truth is: 
“Liquids are incompressible,’ which approximation is close 
enough to the truth for most engineering purposes. Applied to 
fuel injection, however, it would follow from this statement: 

(1) that pressures and rates of flow would be equal at every 
point in the system at any given instant; 

(2) that a disturbance would be propagated in the system 
with infinite velocity; 

(3) that whatever quantity of liquid is fed into the pipe at one 
end would pass through every cross section of the pipe instantly 
and would be discharged through the nozzle without delay, i-e., 
the rate of nozzle discharge would be at all instants equal to the 
then existing rate of pump delivery. 

These statements would constitute a full solution of the fuel- 
injection problem and here this paper might well be concluded. 

To a lamentable detriment of simplicity this half truth is not 
adequate for dealing with fuel-injection problems, on account of 
the high pressures and short time elements involved. All liquids 
are compressible to a slight extent—fuel oils to the order of one 
per cent volume for a pressure change of 2800 lb per sq in. Owing 
to this seemingly slight departure from strict incompressibility 
the following complications arise: 

(1) At various locations in the system varying rates of flow 


™ I ALF TRUTHS are simple but the whole truth is com- 
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and varying pressures may coexist side by side, at the same 
instant. 

(2) Any disturbance in the system is propagated with finite 
velocity, in fuel oils of the order of 4800 ft per sec. 

(3) From (1) and (2) it follows that the rate of nozzle discharge 
may, and in general does, differ from the rate of pump delivery 
at a given instant of time. 

The rate of combustion in Diesel engines tends to follow the 
trend of the rate of nozzle discharge, therefore the latter quantity 
has a vital influence on the engine performance. Variations in 
the design of an injection system affect engine operation only so 
far as they modify the discharge characteristic. Therefore, the 
Diesel engineer is mainly interested in point (3) which may be 
also formulated: “For a desired rate of nozzle discharge what 
should be the rate of pump-delivery?” or, inversely: ‘For a 
given rate of pump delivery what will be the nozzle discharge?” 
Theoretical and experimental methods can be used for answering 
these questions, both being useful and complementary to each 
other. 


THEORETICAL ANALYSIS OF INJECTION PHENOMENA 


The theory of fuel injection is based on two main facts: (a) 
the constancy of the velocity of propagation of a disturbance in 
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the system, and, (b) the proportionality of a pressure change to 
the corresponding velocity change in a liquid column. Both 
statements, while in themselves only approximations, are yet 
close enough to the truth for basing a usable theory upon them. 
Theoretical analysis can be applied to a given system either by 
computation or by graphical construction. The former is labori- 
ous and requires drastic simplifying assumptions, while the latter 
existed, until recently, only in fragmentary beginnings. There- 
fore, neither method reached the stage of practical application. 
In recent years, however, the graphical method has been worked 
out in a comprehensive manner and appears to possess the ad- 
vantages of convenience, clarity, and easy applicability even 
to comparatively complicated hydraulic systems.* 

* The full derivation, description, and illustration of this method 
is contained in the treatise: ‘‘Graphical Analysis of Transient Phe- 
nomena in Linear Flow,” by K. J. DeJuhasz, Journal of The Franklin 
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The main operational tools of the graphical analysis are the 
t-z or time-distance diagram, and the v-p or velocity-pressure 
diagram. The velocity of propagation a, of a disturbance can 
be represented graphically in the t-z diagram by lines of constant 
slope, Fig. 1. 


Institute, vol. 223, no. 4, April, 1937, pp. 463-493; no. 5, May, 1937, 
pp. 643-654; no. 6, June, 1937, pp. 751-778, with 36 figs. In the 
present paper this method will be followed throughout. 


(a = 4800 ft per sec for fuel oils.) 

Therefore, if a disturbance is originated by the pump plunger, 
i.e., by setting in motion the liquid column, or altering its 
previous velocity, it travels toward the other end of the pipe 
with a velocity a, and the locus of the disturbance front will lie 
on a straight line having a slope, tan y. In a similar manner, 4 
disturbance originated at the nozzle end of the pipe will be 
characterized by the slope, tan (—g). The time necessary for 
the disturbance to traverse the length of the pipe, 7 = L/a is 
called the “interval of single traverse” or briefly ‘interval’ and 
is a useful concept in the considerations that follow. 
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The proportionality of velocity change to pressure change 
can be represented in the v-p diagram by lines of constant slope, 
Fig. 2 


k being the elastic constant of the liquid, for fuel oils approxi- 
mately 280,000 lb per sq in., and a the velocity of propagation; 
for fuel oils the proportionality factor k/a is approximately 60 
lb per sq in. per ft per sec. 

The various elements of an injection system, (the pump, pipe, 
nozzle, storer or reservoir, and swinger or inert mass) can be 
represented in the v-p diagram by characteristic lines. By 
intersecting these with one another in a suitable manner the 
pressure and velocity values pertaining to a given location z 
in the pipe, and to a given instant of time ¢, can be determined. 
Combining the v-p values with the t-z chart two stereograms, 
v =f; (t, z) and p = fy (t, z) can be formed which give full in- 
formation on the injection phenomena. A section of each stereo- 
gram taken perpendicular to the z-axis gives the velocity or 
pressure values at that particular location in the system for all 
instants of time. A section taken perpendicular to the taxis 
gives the velocity or pressure values at that particular instant 
throughout the system. An example of this graphical construc- 
tion for a pump-injection process with open nozzle, fully worked 
out, and the resulting stereograms are given in Fig. 3. 
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In our present investigation of pump injection we shall restrict 
our attention to the phenomena at the two ends of the pipe, and 
especially to the velocities occurring there, i.e., to the pump 
delivery and the nozzle discharge. 

As an example we shall choose a jerk-pump fuel-injection 
system, intended for a four-cycle engine with a cylinder volume 
of about 300 cu in. (6.5 in. bore, 9 in. stroke), running normally 
at 1000 rpm. The data of the fuel-injection system are the 
following: 


P = plunger diam = 9.0 mm = 0.355 in. 
A = plunger area = 63.5sq mm = 0.096 sq in. 
D = pipe diam = 3mm = 0.118 in. 
F = pipe area = 7.05sq mm = 0.0108 sq in. 
d = diam nozzle orifice (open nozzle) = 0.6 mm = 0.0236 in. 
f = area nozzle orifice = 0.282 sq mm = 0.00043 sq in. 
A/F =9; F/f = 25; A/f = 225 
L = pipe length = 32 in. 
a = velocity of propagation ~ 4800 ft per sec for fuel oils 
k = elastic constant of the liquid ~ 280,000 lb per sq in. 
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T = interval of single traverse = L/a = 32/(12 K 4800) = 
0.00056 sec 
n = pump-shaft speed = 500 rpm; duration of 1-deg pump- 
shaft rotation = 1/3999 sec 
Duration of total pump delivery 10 L/a = 0.0056 sec = 16.8 
deg pump-shaft rotation 
Volume delivered per stroke = 252 cu mm = 0.0155 cu in., 
corresponding to 3.8 mm = 0.150 in. effective plunger travel 
Velocity of plunger during delivery (assumed constant) = 
2.24 ft per sec 
Velocity of pipe influx = 20 ft per sec 


The v-p and t-v diagrams representing the injection proc- 
ess for these conditions are shown in Fig. 4, and give the flow 
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velocity at the pump end and at the nozzle end of the pipe. 

We shall now proceed to find out what are the effects on the 
rate of nozzle discharge of varying operating conditions (speed, 
quantity delivered, and nozzle valve opening pressure) and of 
modifications in the system (pipe length, pipe diameter, nozzle- 
orifice area, leakage, and opening of spill ports). The changes of 
velocity and pressure will be represented in the v-p diagram, 
and from these the t-v diagram will be constructed for the 
pump end and for the nozzle end of the pipe in each assumed 
case. First we shall deal with open nozzles, the fundamental 
case, and then with closed nozzles, which are generally used in 
practice. 


Open Nozze 


Change of Delivered Volume (Fig. 5). Lines a, b, and crepresent 
the conditions for 0.0155 cu in., 0.0093 cu in., and 0.0217 cu in. 
delivered volume respectively. The corresponding durations of 
delivery are 10, 6, and 14 L/a units of time (16.8, 10, and 23.5 
pump-shaft deg) respectively. It is seen that the velocity of efflux 
rises in steps, and approaches more and more the velocity of in- 
flux, as the injection process progresses. 

Changing the Pipe-Length (Fig. 6). The v-p diagram in this 
case is similar to that in the former case. The lines a, b, and c 
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represent the conditions for pipe lengths of 32 in., 23 in., and 53 
in. respectively, corresponding to intervals of single traverse 
0.00056, 0.00040, and 0.00093 sec (1.68, 1.20, and 2.80 pump- 
shaft deg) respectively. It is seen in the t-v diagram that with 
shorter pipe length the rate of nozzle discharge approaches more 
closely the rate of pump delivery, it attains a higher value, and 
the injection lag decreases. 

Varying the Pump-Shaft Speed (Fig. 7) varies the plunger veloc- 
ity, and hence the rate of pump delivery in direct proportion, and 
the duration of pump delivery, for a given volume of pump 
delivery, in inverse proportion. The duration of nozzle discharge 
in terms of time units becomes less with increasing speed, but not 
in inverse proportionality; it becomes more in terms of pump- 
shaft degrees with increasing speed, as could be shown by plotting 
the v-line on a pump-shaft-angle basis. 

Varying the Area of the Nozzle Orifice (Fig. 8) is represented in 
the v-p diagram by efflux parabolas closer to the p-axis for a 
smaller orifice area, and farther from it for a larger orifice area. 
It is seen from the ¢-v diagram that increasing the orifice results 
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in a closer approach of nozzle discharge to pump delivery, and 
in reduced duration of injection. From the v-p diagram it can 
be seen that by increasing the nozzle orifice the pressure of injec- 
tion is reduced. 

Varying the Pipe Diameter (Fig. 9) alters in inverse ratio the 
influx velocity in the pipe for a given pump delivery. Therefore 
this change can be represented in the v-p diagram by altering the 
v-scale in direct ratio to the altering of the cross-sectional area of 
the pipe. This involves, of course, a corresponding alteration in 
the geometrical magnitude of the angle a, in order that the slope 
should be equal to k/a in the correct scale. The construction is 
carried out for 0.5 and 1.5 times the original pipe area. It is seen 
that with the narrower pipe the rise of the discharge velocity 
during the pump delivery is more rapid, and the fall of the dis- 
charge velocity during the cutoff period is also more rapid, than 
is the case with the wider pipe. 

Leakage at the Pump (Fig. 10) is represented in the v-p dia- 
gram by a subtraction from the pump delivery, corresponding 
to the amount of leakage. For the purposes of graphical con- 
struction leakage is equivalent to an orifice at the pump end of 
the pipe, which is represented by an efflux parabola. In our ex- 
ample for the sake of clarity an exaggerated leakage is assumed, 
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equivalent to a leak orifice f’ = '/,f. (For actual leakage a much 
smaller orifice should be assumed.) It is seen that in this case 
the nozzle discharge will be, of course, less than it would be with- 
out the presence of such a leak orifice. By carrying out the 
construction for various plunger velocities it could be shown that 
the proportionate effect of the leak orifice is reduced when the 
plunger velocity is increased. 

Spill Orifice Which Is Open Only During Part of the Injection 
(Fig. 11). This is the case of a plunger-governed beginning and 
end of delivery which is widely used in several makes of com- 
mercial injection systems. In our example it is assumed that the 
orifice which is closed at the beginning of delivery is twice as large 
as the orifice which opens up at the end of delivery. This is the 
case in the Bosch pump as two spill orifices are closed by the 
plunger at the beginning of delivery, and only one is opened by 
the plunger at the end of the delivery. The time that this latter 
spill orifice is in communication with the fuel pipe is limited by 
the retracting-type delivery valve coming to its seat. In our 
example, which serves mainly as an illustration it is assumed that 
the spill orifice is effective only for the first two and the last two 
intervals of the injection period. The construction shown is 
capable of considerable refinement by using in every consecutive 
double interval another plunger velocity and another spill area, 
determined from the design data of the pump. 

A Reservoir Adjoining the Pump (Fig. 12) has the effect of re- 
ducing the rate of nozzle discharge and extending its duration. 
The effect would be similar, but not identical, if the reservoir 
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adjoined the nozzle. In our example the reservoir volume, R, is 
assumed to be twice the volume of the pipe LF. The t-v 
diagram shows that the addition of a reservoir decreases the re- 
sponse of the discharge with respect to the delivery hence it is 
detrimental and undesirable. On the other hand reservoirs, or 
enlarged portions of the flow path, are unavoidably present in 
every injection system and hence it is necessary to take them into 
consideration. 

Pump Delivery Rate Not Constant (Fig. 13). This condition 
manifests itself by similar nonconstant rate of nozzle discharge. 
In our example, (a) a linearly rising, and (6) a linearly falling rate 
of delivery is assumed. It was shown that a constant rate of 
delivery produces a rising rate of nozzle discharge. A rising rate 
of pump delivery accentuates, and a falling rate of delivery coun- 
teracts this effect. A falling rate of pump delivery causes a fall- 
ing rate of nozzle discharge in the later intervals of pump delivery. 
The steps, which are level in the case of a constant rate of de- 
livery, become saw-tooth-shaped, slanting upward with a rising 
rate, and slanting downward with a falling rate of pump deliv- 
ery. 

These minor features, however, have only academic interest 
as in actual operation they would be covered up by viscous fric- 
tion and other secondary influences, and would not be apparent 
or important in influencing the combustion process. 


OPENED AND CLOSED BY THE PLUNGER 


Ciosep 

The effect of closed nozzles can be represented in the v-p 
diagram by truncating the apical portion of the efflux parabola, 
which has the effect of removing the trailing, low-pressure region 
of the nozzle discharge. The period of injection is progressively 
shortened as the valve opening pressure (vop) is increased. 

Varying the Pump-Shaft Speed (Fig. 14) varies the plunger 
velocity and hence, in direct proportion, the rate of pump de- 
livery. The valve opening pressure is assumed to be 1500 Ib per 
sq in. Three pump-shaft speeds, 700, 500, and 300 rpm are con- 
sidered, and in this respect Fig. 14 is the counterpart of Fig. 7 for 
open nozzle. 

Varying the Valve Opening Pressure (Fig. 15) tends to cut off 
the beginning and end of injection, thus making the injection 
period shorter. Three values of valve opening pressure, 2500, 
1500, and 1000 lb per sq in. (valve closing pressures 2080, 1250, 
and 835 lb per sq in. respectively) are considered. 

It is seen from Figs. 14 and 15 that the influx velocity must be 
above, or the valve opening pressure must be below, a certain 
value in order that the valve be opened by the first arriving wave. 
If the influx velocity is below, or the valve opening pressure is 
above this definable value, then the valve will be opened by the 
second, third, or later wave, and the injection lag will be increased 
accordingly. Thus increasing the valve opening pressure or de- 
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creasing the plunger velocity tends to increase the injection lag. 

The examples given do not exhaust the subject of jerk-pump 
fuel injection. Each subdivision could be considerably refined 
and extended, and the influence of the various operational and 
design factors on the performance characteristics more fully 
evaluated. Refinement of this method and its application to 
engineering problems offers a fertile field for research. It is 
believed, however, that these examples do cover the subject 
broadly and establish the ready applicability of this method for a 
wide range of hydraulic phenomena. Witb the aid of this method 
a predetermination of at least the major characteristics of an 
injection system is possible while yet in the design stage. And, 
perhaps most important of all, this graphical analysis permits the 
visualization of these seemingly complex transient phenomena 
and furnishes a means of coordinating the incoherent multitude 
of experimental results into an integrated, coherent system. 

On the other hand, no theory can represent reality in full 
truthfulness, and this outlined and applied theory is no excep- 
tionto the rule. Secondary influences are present, such as viscous 
friction in the pipe, reflections at points of changed cross section 
in the pipe, friction in the moving parts of the nozzle, inertia 
effects of the nozzle valve, and others, which are not taken into 
consideration in the graphical analysis, but which may exert, in 
their totality, a nonnegligible effect on the characteristics of the 
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injection. Therefore, experiments are necessary to determine 
the injection characteristics under actual conditions. The pur- 
poses, methods, equipment and results of such experiments form 
the second part of this paper. 


EXPERIMENTS ON THE Rate oF DISCHARGE 


In the course of the injection research carried on at The Penn- 
sylvania State College for several years numerous methods have 
been considered, and apparatus has been devised and built for the 
investigation of the rate of discharge, and of related quantities. 
Also other laboratories, academic and commercial, have attacked 
this important problem. These methods may be properly classed 
into two groups: continuous measurement and intermittent 
measurement, depending on whether the sought variable is ob- 
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tained as a continuous function of the independent variable 
(camshaft angle or time), or as discrete values for selected values 
of the latter. 

Among the continuous methods, probably the oldest, and still 
widely used, consists in bringing the nozzle in close proximity to, 
and letting the spray impinge against, a revolving flywheel or disk 
keyed to the pump shaft. A piece of blotting paper is fastened 
to the flywheel. Between the nozzle and the flywheel a baffle is 
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interposed which is withdrawn for one revolution, allowing the 
blotting paper to absorb the oil issuing from the nozzle. During 
the phases of high jet force the paper is eroded and even cut 
through. This method gives a visible record of the beginning and 
end of the spray, of the injection lag, of the presence or absence 
of interruptions in the injection, and of the rate of discharge in 
a qualitative manner. The visibility and permanence of the 
record are improved by dyeing the fuel oil with some conspicuous 
color, such as methylene blue. In the restricted range of its 
usability, this impingement method has the advantages of 
simplicity, easy applicability, and reliability. 

Another method falling into this group consists in recording the 
lift of the nozzle valve as a function of camshaft angle or time. 
This quantity is not identical with the rate of discharge but can 
be assumed to bear a close correlation thereto, in so far as there 
is no discharge when there is no lift, and, in general, the higher the 
lift the greater is the rate of discharge. A still closer relationship 
can be assumed to exist between the rate of discharge and the 
momentum of the spray. Since the injection is a rapid phe- 
nomenon, the recording of either the nozzle-valve lift or of the 
spray momentum requires indicating instruments of high natural 
frequency of vibration. Therefore only optical and electrical in- 
dicating devices come into consideration for this purpose. Both 
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types of instruments have been studied and tried at The Penn- 
sylvania State College, and at present an optical indicator is 
near completion which shows considerable promise as an accurate 
and easily applicable instrument. 

The methods for discontinuous measurements of the independ- 
ent variable give only average values for a given interval, and 
have the common disadvantage that between the intervals of the 
measured values of the independent variable the variations of the 
sought variable are not recorded. Therefore the exact phases of 
the beginning and end of the injection, which are important data, 
are not obtainable by this method. This drawback can be miti- 
gated, but not eliminated by setting the measuring points close 
to one another, which, however, introduces other undesirable fea- 
tures such as increased bulk and cost of apparatus and increased 
time and labor of evaluation. On the other hand, only such 
methods appear to be feasible for the determination of the true 
rate of discharge. 

A device for this method of measurement has been designed at 
Penn State embodying a rotor, such as a flywheel, rotated around 


THE VALVE-OPENING PRESSURE 


Fie. 16 Ratg-or-DiscHarGeE Davice, DesigNeD aT PENN STATE 


(1 rotor, B receptacle, C entrance openings, each separated from the other by 
ridges, D emptying valve.) 
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Fig. 18 Srropo-Disk Device ror TESTS 
Usep at Penn STaTE 


a (A planetary gearing, B strobo-disk, C chandelier, D casing, E window in 
qi strobo-disk, F funnel, G spout, H receiving tube, K waste drain, J, JJ, and 
; III primary, secondary, and tertiary shafts of the planetary phase changer.) 
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a vertical axis at pump-shaft speed, or at a multiple or submultiple 
thereof (Fig. 16). By drilling holes around the periphery of the 
rotor a row of receptacles is formed into which the spray issuing 
from the nozzle is directed and collected, for a counted number 
of injections. Provision has to be made for transferring the 
contents of each receptacle into a measuring burette, or the 
receptacles themselves, on the rotor, may be built of graduated 
glass tubes. With this device, Fig. 16, values of the rate of dis- 
charge can be determined for each consecutive degree, or a greater 
or smaller angular interval, of the injection period. Although 
this general design appears to be thoroughly feasible, it has not 
been actually constructed. 

In the stroboscopic method a disk, rotating at the speed 
of the pump shaft, or at a multiple or submultiple thereof, and 
having a window of definite width near its periphery, is interposed 
between the nozzle and a stationary receiving cup. When, in 
the course of rotation, the window comes in opposition to the 
nozzle a portion of the spray passes through the window into the 
cup, in which it can be subsequently measured or weighed. By 
changing the phase at which the window comes into opposition 
to the nozzle the rate of discharge can be determined for any 
phase of the injection period. Various modifications of this 
method have been used at Penn State and elsewhere,’ and owing 


> “Rates of Fuel Discharge as Affected by the Design of Fuel- 
Injection Systems for Internal-Combustion Engines,’’ by A. G. 
Gelalles and E. T. Marsh, National Advisory Committee for Aero- 
nautics, Report no. 433, 1932. 


Fic. 17 (Lerr) Test STanp For INSECTION-SysTEM 
RESEARCH 


C chandelier, O optical indicator, L supply tank, T tachometer, U pressure 
chamber for receiving the spray, M motor, V variable-speed gear, Z starting 
x.) 


Fig. 19 PHoToGRAPH OF THE STRoBO-DisK Device 


C chandelier , D casing, R counter, T tachometer, N nozzle, 0 optical indi- 
cator, S transparent screen, W handle for phase-changing worm gear.) 
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to its convenience and several advantages it was decided to build 
a rate-of-discharge apparatus on this principle, embodying in it 
the refinements suggested by experience gained with previously 
built instruments of this type. The equipment, as actually built 
and used, will be now described. 


EQuIpMENT USED aT THE PENNSYLVANIA STATE COLLEGE 


The Test Stand (Fig. 17) serves for mounting the injection 
equipment and its accessories, for actuating it at the desired 
values of speed, load, pressure and other variables, and for 
mounting the devices for measuring the performance charac- 
teristics. It has been described in detail in a previous publica- 
tion‘ to which attention is directed. 

The Strobo-Disk Device (Figs. 18 and 19) is mounted on the 
test stand and consists of planetary gearing A, the strobo- 
disk proper B and the concentrically arranged set of collecting 
test tubes C which from its appearance was nicknamed the 
“chandelier.” All these are coaxially arranged, A and B within 
the casing D, and the chandelier outside of it. The nozzle 
N is mounted on a bracket of the casing, with its axis perpen- 
dicular to, and near the periphery of, the strobo-disk B. In 
every pump-shaft revolution the strobo-disk window £ registers 
with the nozzle orifice and lets the spray pass into the funnel F, 
whence it passes through the spout G into the receiving tube H 
situated under the spout. There are 60 receiving tubes in- 
corporated in the chandelier. Another spout K drains away 
the waste liquid collected in the casing D. 

The planetary gearing, which is identical with the one used 
in the DeJuhasz point-by-point high-speed indicator, has three 
shafts, the primary I, the secondary II, and the tertiary III. 
The primary shaft I is driven positively from the pump-shaft, 
in our case by a chain and sprocket drive of 2 to 1 ratio, in an 
unalterable relationship therewith. The secondary shaft II 
carries the strobo-disk, and the tertiary shaft III can be turned 
manually, by means of a worm-wheel drive W, Fig. 19. As 
long as the tertiary shaft is not moved the phase relationship 
of the strobo-disk to the main shaft, and thus also to the pump 
shaft, remains unaltered. By displacing the tertiary shaft III 


4 “‘Jerk-Pump Fuel Injection,” by K. J. DeJuhasz and P. G. Bur- 
man, The Automobile Engineer, May, 1934, pp. 175-180. An ex- 
tensive bibliography of this subject is included. 
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by a certain angle the phase relationship of the secondary shaft 
II with relationship to the primary shaft I will be also changed 
by an equal, or proportional angle, and the window on the 
strobo-disk will register with the nozzle orifice in a correspond- 
ingly altered phase of the pump cycle. The chandelier is con- 
nected to the tertiary shaft III by means of a gearing of such 
ratio that the chandelier advances by one tube when the pump 
phase of sampling is changed by one degree. Fig. 19 shows a 
photograph of the strobo-disk unit. On the top are visible the 
optical indicator and its screen which are used for measuring 
the nozzle valve lift. 

In operation the pump is set at a predetermined speed and 
position of the control rod for regulating the quantity injected, 
and the nozzle is set at the desired valve opening pressure. 
Samples are collected in one of the receiving tubes, from say 
500 or 1000 injections, while the revolutions of the pump shaft are 
counted by a counter attached to the primary shaft. After the 
elapse of this predetermined number of revolutions the tertiary 
shaft is turned manually by means of the worm drive until the 
adjacent receiving tube is moved under the spout. The sampling 
phase is changed thereby by one degree as explained, and then 
the procedure is repeated. In this manner samples of the dis- 
charge are collected for every successive one-degree rotation of 
the pump shaft, and thus the rate of discharge determined, point 
by point, for the whole period of injection. The height of the 
liquid in the row of receiving tubes shows the rate-of-discharge 
curve, and from the tubes the liquid levels are transferred to test 
charts by means of calipers. 

An extensive series of investigations is in progress for measuring 
the rate of discharge under various operating conditions, which 
are chosen so as to represent conditions of practical importance. 
The variables are: speed, quantity, pipe length, pipe diameter, 
nozzle orifice, and nozzle valve opening pressure. In this way it is 
intended to determine the influence of the different variables. It is 
intended to take valve-lift diagrams simultaneously with the 
optical indicator, and correlate these with the rate of discharge. 
Finally it is intended to compare the experimental results with 
those of the graphical analysis in order to determine the value 
of the former as a means of predetermining the characteristic 
of an injection system yet in the design stage. It is planned to 
publish the results after the conclusion of these investigations. 
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U.S. Navy Correlation of Laboratory Tests on 
Diesel Fuels With Service-Engine Operation 


By W. F. JOACHIM,! ANNAPOLIS, MD. 


The Diesel-fuel investigation at the U. S. Naval Engi- 
neering Experiment Station, authorized by the Bureau 
of Engineering in 1934, has included long-time storage 
tests, injection-pump tests at low temperatures, cold- 
starting tests, physical-chemical analyses, ignition- 
quality tests on the Cooperative Fuel Research engine, and 
combustion-shock, power and economy, carbonization, ex- 
haust-smoke, and miscellaneous fuel-performance tests 
on several service Diesel engines. This paper presents a 
beief review of some of the work done in correlating the 
results of the physical-chemical analyses and ignition- 
quality tests on the Cooperative Fuel Research engine with 
fuel performance in service engines. 


HE OBJECT of the Diesel-fuel investigation by the U. 8. 
Navy is the establishment of standard specifications for a 
single grade of fuel that will be suitable for use in the several 
types of Diesel engines now in or immediately contemplated for 
the Naval service, and the study and investigation of those engine 
design characteristics which will ultimately lead to the develop- 
ment of an engine that will be independent of as many limiting 
characteristics of the fuel oil as possible. 
In order for a single grade of Diesel fuel to be suitable in the 
Naval service it must meet the following requirements: 


1 Inshort- or long-time storage, the fuel must have minimum 

fire hazard, minimum deterioration and aging, minimum 

physical separation and settling, and minimum corrosive 

effect on tanks and pipe lines 

The fuel must be capable of being pumped from storage 

tanks to vessels in winter weather without preheating and 

must flow freely in the fuel systems of motor-boat engines 

without clogging fuel filters with wax or sediments 

3 The ignition and other physical-chemical characteristics 
of the fuel must provide easy starting in cold weather 


to 


1 Senior Mechanica! Engineer (Diesel) U. S. Naval Engineering 
Experiment Station, Annapolis, Md. Mr. Joachim was graduated 
from the University of Minnesota in 1920 with the degree of bache- 
lor of science in mechanical engineering, and in 1921 with the degree 
of M.E. During the World War he was a First Lieutenant, Ordnance 
Department, U. S. Army. From 1921-1929 he was chief of the 
power-plant division, National Advisory Committee for Aeronau- 
tics, Langley Field, Va., and member of the Committee on Power 
Plants for Aircraft, Washington, D. C. From 1929-1931 he had 
charge of 2-cycle Diesel engines for the Westinghouse Electric and 
Mfg. Co., Philadelphia, Pa., and was a consulting engineer on Diesel 
engines from 1931 to 1933. He was employed as senior mechanical 
engineer by the Atlantic Refining Company, Philadelphia, Pa., from 
1933 to 1935. He has held his present position since 1936. He 
is the author of numerous publications both here and abroad on 
Diesel-engine research, fuels, combustion control, design, and de- 
velopment. 

Contributed by the Oil and Gas Power Division and presented at 
the Tenth National Oil and Gas Power Meeting of THE AMERICAN 
Society or MEcHANICAL ENGINEERS, held at State College, Pa., 
August 18-21, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 
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4 The burning qualities of the fuel must be capable of mini- 
mizing combustion shock and must provide maximum 
power and economy with freedom from visible exhaust 
smoke under all service conditions 

5 The fuel must not cause lacquers, gums, sludge, or harmful 
carbonization of injection-system parts, pistons, rings, 
cylinder liners, or valves. Engine maintenance chargeable 
to the fuel must be a minimum 

6 The fuel must not cause injection-system or engine wear 
due to insufficient lubricating properties, abrasive or corro- 
sive contaminants, or due to slow-oxidizing combustion 

7 The fuel must be produced from domestic crude oils by 
recognized commercial refining processes in order that the 
supply will be adequate in national emergencies without 
increased cost. 


CORRELATION OF THIRTEEN IGNITION-QuALITY INDEXES WITH 
Furt PERFORMANCE IN AN AUXILIARY ENGINE 


The first equipment installed for testing Diesel fuel at the 
Engineering Experiment Station consisted of the Cooperative Fuel 
Research Diesel conversion engine fitted with variable-compres- 
sion-ratio open-type and high-turbulence-type cylinders; also 
a single-cylinder, 4!/, < 6-in. 1200-rpm, 4-cycle, precombustion- 
chamber-type, Fairbanks-Morse Diesel engine rated at 10 brake 
hp. These engines have been fully described in previous reports 
and publications (1, 2, 3).? 

Twenty-five different undoped Diesel fuels, obtained from 
various petroleum refiners and Naval supply bases and having a 
wide range of ignition qualities and other physical-chemical char- 
acteristics, were analyzed in the chemical laboratory, tested in 
the C.F.R. engine for critical-compression-ratio and knockmeter- 
delay cetane numbers, and in the Fairbanks-Morse Diesel engine 
for ignition delay, combustion rates, power and economy, exhaust 
smoke and temperature, carbonization and gumming, idling, ac- 
celeration, and other characteristics (4). 

Thirteen fuel ignition-quality indexes, consisting of cetane- 
number ratings by the critical-compression-ratio and knockmeter- 
delay methods; cetene number (Moore), and blending octane 
number determined in the C.F.R. engine; aniline point, Diesel 
index number, viscosity-gravity constant, boiling point-gravity 
constant, spontaneous-ignition temperature, and the paraffinic, 
unsaturated, naphthenic, and aromatic components of the fuels 
derived from physical-chemical analyses, were plotted as ordi- 
nates against the performances of the fuels in the Fairbanks-Morse 
engine. While practically all fuel-performance characteristics in 
the service engine showed some trend with variation in the thir- 
teen ignition-quality indexes, only those resulting in appreciable 
effects are given in this paper. 

Figs. 1, 2, and 3 show the correlation of the thirteen laboratory 
indexes with the ignition delays, maximum cylinder pressures, and 
computed combustion shocks measured in the Fairbanks-Morse 
engine. The computed combustion-shock index, derived from 
the product of the explosion-pressure rise and fuel-burning rate 
following ignition, measured from indicator cards of cylinder 
pressure, has been described in previous papers and reports (4, 5, 6). 


? Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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PHYSICAL-CHEMICAL FUEL IGNITION INDICES 
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Fig. 1 oF Ienrrion InpExes oF 25 Diese, Fuets Wits THE IGNITION DeLAYs MEASURED IN A FAIRBANKS- 
Morse ENGINE 
(Bore and stroke, 41/4 X 6in.; speed 1200 rpm; load, 8 bhp; 10 bhp, single-cylinder engine.) 
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(Bore and stroke, 41/4 X 6 in.; speed 1200 rpm; load, 8 bhp; 10 bhp, single-cylinder engine.) 
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PHYSICAL-CHEMICAL FUEL IGNITION INDICES 
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Computed Combustion Shock 


Computed Combustion Shock 


Computed Combustion Shock 


Fig. 3° Corre.atTion or Furst IGnirion INDEXES oF 25 Diese, Fuets WitH THE CompuTeD CoMBU8sTION SHOCKS PRODUCED IN A 
FairRBANKS-Morse 4-Cycie ENGINE 


(Bore and stroke, 4'/4 X 6 in.; speed 1200 rpm; 


Inspection of these thirteen correlations shows that the degree 
of correlation is different for each fuel ignition-quality index. 
Thus, although the effects of fuel characteristics other than igni- 
tion quality, such as distillation range and viscosity, have caused 
dispersion of the data in all indexes, the superior correlations of the 
boiling point-gravity constant, cetane number by the critical-com- 
pression-ratio method, and the Diesel index number, plotted 
against the measured ignition delays, maximum cylinder pressures, 
and computed combustion shocks of the service engine are ap- 
parent when compared with the inferior correlations of the spon- 
taneous ignition temperatures and naphthenic fuel components. 

In order to calculate the accuracy of correlation of these thir- 
teen indexes and thus determine the relative value of each as an 
index of fuel performance in a service engine, the deviation of each 
fuel datum point from its carefully drawn average curve was 
measured and the average deviation for all fuels per unit slope of 
the curve determined for all correlations. This procedure is de- 
scribed in reference (4). 

Fig. 4 gives the tabular results of these calculations. It is in- 
teresting to note in the table of relative accuracies that the com- 
puted combustion-shock measurements in the service engine re- 
sulted in the highest relative accuracy when all ignition indexes are 
averaged; those from measurements of maximum cylinder pres- 
sure and ignition delay following in the ordernamed. When only 
the C.F.R. engine and physical-chemical indexes are averaged, the 
measurements of maximum cylinder pressure resulted in the high- 
est relative accuracy, thus indicating that for this type of engine 
the measurement of maximum cylinder pressure or of computed 
combustion shock from indicator cards of cylinder pressure gives 
satisfactory indications of the quality of the fuel being used. 

In order to find the relative accuracy of each fuel ignition- 


load, 8 bhp; 10 bhp, single-cylinder engine.) 


quality index in Fig. 4, those derived from ignition delay, maximum 
cylinder pressure, and computed combustion shock were averaged 
and the results given in column five. These average relative 
accuracies have been rearranged from highest to lowest in the 
order-of-value table of Fig. 4. It should be noted that the rela- 
tive value of these 13 fuel ignition-quality indexes range from 1.000 
for the boiling point-gravity constant to only 0.119 for the naph- 
thenic components. 

Since the cetene number (Moore), having an order of value of 
4, has been succeeded by tests using cetane number, and the ani- 
line-point index, having am order of value of 6, is included in the 
more accurate Diesel index number, these indexes have been 
dropped from further consideration in fuel-performance correla- 
tions. Thus, the results of this work indicated that the boiling 
point-gravity constant, cetane number (critical compression 
ratio) Diesel index number, viscosity-gravity constant, and cetane 
number (km-delay), having average deviations from 8.3 to 12.4, 
could be used to predict fuel performance in service engines but 
should be further investigated for correlation with additional fuels 
and for other types of Diesel engines. 


Tests IN A SUBMARINE ENGINE 


The second service engine installed for testing fuel consisted of 
a single-cylinder, 8 X 10-in., 750-rpm, 2-cycle, open-type combus- 
tion chamber, Winton X1-201A Diesel engine rated at 75 brake 
hp. This engine was equipped with complete speed, load, tem- 
perature, and pressure controlling devices; a two-element mag- 
netic oscillograph with fuel-injector-valve lift contacts; fuel-igni- 
tion indicator; and magnetic flywheel timing coil for determining 
the start of injection and fuel ignition with reference to engine top 
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Relative Accuracies 


C.F.R. Engine Indices 
Cetane No. KM Delay 
Cetane No. C.C.R. 
Cetene No. (Moore) 
Blend'g.Octane No. 

Weighted Average: 


Phys.—Chem, Indices 
Aniline Point 
Diesel Index No. 
Vis.-— Grav.Const. 
Boilg.Pt.-Grav.Const. 
Spont.Ign.Temp. 
Weighted Average: 


Chem.-Comp. Indices 


Paraffinic Comp. 

Unsaturated Comp. 
Naphthenic Comp. 

Aromatic Comp. 


Weighted Average: 


Relative Accuracy Derived 

From Average 

Maximum | Computed |Relative 

Ignition | Cylinder| Combustion Accuracy 

—Delsy_| Pressure, Shock 

14.2 11.4 11.5 12.4 
11.4 6.5 7.3 8.4 
10.8 6.1 94 8.7 
16.9 12.4 23.0 
12.9 8.3 9.8 10.4 
11.0 10.7 12.7 11.1 
10.7 5.8 9.4 8.6 
12.2 6.6 10.0 9.6 
11.4 522 8.3 8.3 
15.8 3L.72 28.6 
12.0 7.8 11.1 10.6 
18.3 16.5 15.3 16.7 
27.5 25.0 19.5 24.0 
68.9 59.3 80.0 69.4 
12.9 14.5 1437 
22.6 27.5, 20.3 21.7 
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Order of Value 
Average 
Relative Relative 
Accuracy Value 
Boiling Point 
1. Gravity Constant 8.3 land 
2. Cetane Number(CCR) 8.4 -988 
3. Diesel Index Number 8.6 0965 
Cetene Number 8.7 
(Moore) 
5, Viscosity-Gravity 9.6 
Constant 
6. Aniline Point 
Cetane Number 
. 26 
7 KM Delay 12.4 669 
g, Blending Octane 576 
Number 
9. Aromatic 4.7 
Components 
Paraffinic 
16. 497 
Components 49 
Unsaturated 24.0 
Components 
Spontaneous 2 
23. Naphthenic 69.4 .119 
Components 


Fie. 4 RevativeE AcCcURACIES AND ORDER OF VALUE OF THIRTEEN FUEL IGNITION INDEXES From Fias. 1, 2, AND 3 


Fic. 5 CorrELATION OF FUEL 
IGNITION INDEXES OF 83 DopED 
AND UNDoPED FuELs 
Wits Computep-CoMBUsTION- 
CEeTANE NuMBERS DE- 
TERMINED IN A WINTON 2- 
Cycie Diese, ENGINE 


INOEX 


OIESEL 


GRAVITY CONSTANT 
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CETANE NUMBER , SUBMARINE ENGINE, COMPUTED COMBUSTION KNOCK METHOD 


CORRELATION OF CFR ENGINE AND PHYSICAL - CHEMICAL 
FUEL IGNITION INDICES OF 83 DOPED AND UNDOPEO OIESEL 
FUELS WITH COMPUTED COMBUSTION SHOCK CETANE NUMBERS 


DETERMINED 


IN A WINTON 2- CYCLE DIESEL ENGINE 


CETANE NUMBER, CFR ENGINE 


CETANE MWBER , CFR ENGINE 


CETANE NUMBER , SUBMARINE ENG. 
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Table A. Reference Fuel Numbers Determined by Five C.F.R. Laboratory and Four Service Diesel Ingine Methods 


Volunteer Group Puels - 1 2 2 4 5 6 7 8 9 10 11 12 
C.C.R. - CFR Engine - Av.of 6 Labs.| 77.6 | 73.8 | 83.5 | 60.4 | 66.6 | 68.7 | 60.0 | 64.7 | 47.0 | 86.1 | 85.4 | 67.4 
K.M. Delay - sg = © Fi * 73.6 | 74.1 | 91.5 | 55-4 | 73.7 | 64.0 | 58.4 | 58.1 | 46.6 | 83.2 | 84.8 | 67.2 
Penn. State - ® - # e@ § 8 Thel | 72.5 | 92.2 | 56.5 | 74.2 | 65.4 | 5503 | 60.7 | 44.2 | 82.9 | 79.9 | 68.2 
Socony-Vacuum - " a? & FS 77.0 | 78.0 | 92.8 | 58.4 | 77.6 | 66.1 | 60.1 | 59.3 | 45.7 | 85.2 | 86.5 | 69.0 
Mod.Pick-Up - " - © #® 3 ® 74.1 | 71.7 | 90.7 | 55.7 | 76.0 | 63.9 59.6 | 60.0 | 44.7 | 85.0 | 82.3 | 67.7 
Critical Alt. - 10 BHP F.M.mng.- S.0.,Calif. 20.3 | 81.0 | 90.5 | 60.5 | 81.0 | 67.0 | 61.3 | 61.5 | 48.3 | 90.5 | 88.5 | 68.2 
Ign. Delay - # ® - * ® 75.3 | 79.0 | 93.5 | 56.8 | 70.9 | 64.0 | 60.5 | 55.9 | 47.5 | 93.0 | 91.5 | 70.3 
Comb.Shock - 75 BHP Winton - U.S. Navy 69.6 | 75.0 | 81.5 | 49.8 | 78.2 | 62.8 | 55.9 | 58.2 | 44.1 | 69.6 | 75.0 | 69.6 
Ign. Delay - 97 " - * " 73.6 | 63.9 | 91.6 | 56.3 | 81.8 | 60.4 | 61.8 | 54.1 | 48.3 | 85.0 | 87.4 | 62.1 
Table B. Average Correlations and Deviations Between the C.F.R. Laboratory and Service Engine Methods 
Volunteer Group Fuels - 1 2 E 4 5 6 7 8 9 10 ll 12 Corr. Dev. 
C.C.R. vs F.M.Critical Alt. | -2.7| -7.2] -7.0 | -0.1 |-lA.4 | +1.7 | -1.3 | +3.2 | -1.3 | -4-4 | -3.1 | -O0.8 | -3.1 3.9 
K.M. Deley vs F.M. Ign.Delay -1.7| -4.9} -2.0 | -1.4 | +2. 0.0 | -2.1 | +2.2 | -0,.9 | -9.8 | -6.7 | -3. -2.3 3.1 
vs Wint.Comb. Shock +4.0] -0.9}+10.0 +5.6 | -4.5 | #1.2 | #2.5 | | +2.5 |4+13.6 | +9.8 | -2. 4.8 
vs " Ign. Delay 0.0/+10.2| -0.1 | -0.9 | -8,1 | +3.6 | -3.4 | +4.0 | -1.7 | -1.8 | -2.6 | +5.1 | +0.4 3.5 
Penn.State vs F.M. Ign. Delay -1.2} -6.5} -1.3 | -0.3 | +3. 41.4 | -5.2 | +4.8 | -3.3 |-10.1 |-11.6 | -2.1 | -2.7 hed 
® vs Wint.Comb. Shock +4.5| -2.5|+10.7 | +6.7 | -4. #2.6 | -0.6 | #2.5 | +0.1 [+13.3 | +4.9 | -1.4 | +3.1 4.5 
® vs " Ign. Delay +0.5| +8.6] +0.6 | +0.2 ] -7. 45.0 | -6.5 | +6.6 | -4.1 | -2.1 | -7.5 | +6.1 0.0 4.6 
| 
Socony-Vac. vs F.M. Ign. Delay +1.7| -1.0} -0.7 | +1.6 | +6.7 | +2.1 | -0.4 | +3.4 | -1.8 | -7.8 | -5.0 | -1.3 | -0.8 2.8 
. 8 vs Wint.Comb. Shock +7.4| +3.0/+11.3 | +8.6 | -0.6 | +3.3 | +4.2 | +1.1 | +1.6 |4+15.6 |+11.5 | -0.6 | +5.6 5.7 
. 8 vs " Ign. Delay +1.2 | #2.1 | -4.2 | +5.7 | -1.7 | | -2.6 | +0.2 | -0.9 | +6.9 +3.2 4.0 
Mod.Pick-Up vs F.M. Ign. Delay -1.2| -7.3] -2.8 | -0.9 | +5.1 | -O.1 | -0.9 | +4.1 | -2.8 | -8.0 | -9.2 | -2.6 § -2.2 3.8 
® vs Wint.Comb. Shock 4405) —3.3| | +5.9 | -2. +1.1 | +3.7 | +1.8 | +0.6 |+15. +723 | -1.9 | 4.7 
vs " Ign. Delay +0.5| +7.8 0.9 | -0. +3.5 | -2.2 | +5.9 | -3.6 0.0 | -5.1 | #5.6 40.4 3.5 
Table C. Deviations, Correlations With Service Pngines and Testing Times of C.F.R. Engine Methods 
Number of Average Average Approximete| 
Laboratories |Laboratory |Service Ingine Testing 
| Correlation | __Time 
Critical Compression Ratio Method 6 2.3 = -3.1 30 Minutes 
Knockmeter-Delay Method ll 2.4 +0.5 120 be 
Penn.State Magnetic Pick-Up Method 5 2.2 +0.1 15 . 
Socony-Vacuum Balanced Diaphragn 3 2.0 +2.7 15 e 
Modified Magnetic Pick-Up Method 3 1.4 am +0.6 15 = 


Fic. 6 Lasporatory Accuracy oF or TestinG IGNITION QUALITY AND CORRELATION OF THEIR FuEeL RatiInGs 
Wir SeRvVICE-ENGINE RATINGS 


dead center, and thus ignition delay; a high-speed pressure-time 
cylinder-pressure indicator; exhaust-smoke recording device; 
and special fuel tanks and supply system for continuous engine 
operation at constant conditions making it possible to test twenty 
or more fuels in an eight-hour working day. The engine and 
equipment have been described in previous reports and publica- 
tions (6, 7, 8). 

Eighty-three different fuels consisting of 35 undoped and 24 
doped series-blended fuels, 6 miscellaneous, 11 secondary-ref- 
erence, and 7 cetane or primary-reference fuels were analyzed in 
the chemical laboratory, and tested in the C.F.R. engine for 
critical-compression-ratio and knockmeter-delay cetane numbers. 
The same fuels were also tested in the Winton Diesel engine at 750 
rpm and 75 bhp for ignition delay by means of oscillograph 
measurements, and for combustion rates by means of indicator- 
card measurements in short-time tests, and for power and 
economy, exhaust smoke and temperature, carbonization and 
gumming, and for other effects at 750 rpm and several loads in 
100-hour fuel-performance tests. 

Since the schedule of operation in the short-time tests was ar- 
ranged to determine the ignition delays and computed combustion 
shocks of from 6 to 8 test fuels, 6 secondary-reference fuels and 
from 6 to 8 additional test fuels in succession on the same day, it 
was only necessary to plot the ignition delays and computed com- 
bustion shocks of the reference fuels against their blending per- 
centages and read the reference fuel numbers of the test fuels from 
this calibration curve. The cetane numbers of the test fuels were 


determined by means of a cetane-reference-fuel calibration curve 
obtained by determining the ignition delays and computed com- 
bustion shocks of a series of blends of cetane with alpha-methyl- 
naphthalene and of Shell secondary-reference fuel with alpha- 
beta-methylnaphthalene in the Winton Diesel engine on the same 
test day. This method of determining the cetane numbers of 
fuels directly in the Winton Diesel engine is described in detail in 
reference (8). 

The ignition-quality indexes determined for these 83 fuels were 
Diesel index number, viscosity-gravity constant, boiling point- 
gravity constant, and cetane numbers by the critical-compression- 
ratio and knockmeter-delay methods on the C.F.R. engine, and by 
the ignition-delay and computed-combustion-shock methods on 
the Winton Diesel engine. The individual correlations of these 
several indexes are given in reference (8). A summary chart of 
these correlations is given in Fig. 5. 

While these 3 physical-chemical and 2 C.F.R. engine indexes 
were found to have the highest average correlations in the Fair- 
banks-Morse engine tests on 25 undoped fuels, these tests showed 
that the 3 physical-chemical indexes and the cetane number by the 
critical-compression-ratio method on the C.F.R. engine were un- 
reliable for predicting fuel performance in the case of doped fuels. 

The apparent reasons for these failures of the physical-chemical 
indexes to correlate with service-engine performance on doped 
fuels are that the ignition-quality dope decreased the aniline point 
and A.P.I. gravity in the case of the Diesel index number and 
increased the specific gravity slightly in the cases of the viscosity- 
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gravity and boiling point-gravity constants. Lesser fuel igni- 
tion qualities were thus indicated with fuel doping whereas the 
service-engine tests showed marked and progressive igni- 
tion-quality increases with fuel doping. The partial failure of the 
cetane-number determination by the critical-compression-ratio 
method is attributed to the difference in the engine conditions and 
combustion of the fuel in the C.F.R. and service-engine tests. If 
the critical-compression-ratio tests can be considered indicative of 
fuel starting ability, then a fuel ignition-quality dope may in- 
crease the ease of starting an engine in cold weather only about one 
third as much as it increases the ignition quality of the fuel with 
reference to ignition delay and combustion shock. 

The results of these tests on both doped and undoped fuels 
showed that only the knockmeter-delay cetane number on the 
C.F.R. engine and the ignition-delay cetane number from the 
Winton engine correlated with service-engine fuel performance and 
that, for all types of fuels, only an engine test based on ignition- 
delay or combustion-shock measurements could be relied upon to 
predict fuel performance in service engines. 


LaBoraTory ACCURACY OF FIvE MEtTHODs oF TESTING IGNITION 
QUALITY 


While the cetane-number rating obtained on the C.F.R. engine 
by the knockmeter-delay method has been adopted as the tentative 
standard C.F.R.-A.S.T.M. method of rating the ignition qualities 
of Diesel fuels, and tests have proved its correlation with fuel per- 
formance in service engines to be satisfactory, it has been realized 
that the instruments employed are difficult of adjustment and 
maintenance and the test procedure cumbersome, so that the 
Volunteer Group for Compression-Ignition Research has initiated 
investigations into several additional methods of rating. These 
additional methods are based on the ignition delay of the fuel with 
the engine operating substantially under service conditions, con- 
sidering various engine types and compression ratios now in com- 
mercial use. The new methods are being developed by the vari- 
ous members of the Volunteer Group for Compression-Ignition 
Research. 

In order to obtain wide experience with these new methods of 
rating Diesel fuel for ignition quality, to compare fuel ratings from 
several laboratories using the same method and to determine what 
differences exist with the several methods, the Volunteer Group 
sent sufficient quantities of 12 different fuel samples for complete 
tests on ignition quality to 16 cooperating laboratories including 
the Engineering Experiment Station. The results of the tests 
were reported in a paper presented by the chairman and secretary 
of the Volunteer Group to the Society of Automotive Engineers 
and the Second World Petroleum Congress (9). 

The data contained in this report have been summarized in 
this paper so as to present the average reference-fuel-number 
equivalent of each fuel for the cooperating laboratories reporting 
on each of the various test methods. The average deviation of 
‘the reported reference numbers between laboratories for each fuel 
and the average deviation between laboratories for all fuels for 
each method of rating ignition quality have also been calculated. 
Further, the average deviation between the five C.F.R. engine rat- 
ings and the ignition-quality ratings made on a Fairbanks-Morse 
Diesel engine by the Standard Oil Company of California and 
those made on the Winton Diesel engine by the Engineering Ex- 
periment Station have been determined. These data are pre- 
sented in Fig. 6, where summary tables also show the laboratory 
deviations, service-engine correlations, and testing times for each 
rating method. 

Referring to Table B in Fig. 6, it may be noted that large de- 
viations were recorded for fuels Nos. 5 and 10 by practically all 
rating methods. The large deviations are believed to be caused 
by the high volatility of the ethyl-nitrate-doped fuel, No. 5, and 
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the high volatility of fuel No. 10 causing fuel losses in handling and 
testing, and possibly by fuel contamination. 

The correlations of Table B show that all five C.F.R. engine rat- 
ing methods rated the fuels from an average of 0.8 to 3.1 reference 
fuel numbers lower than the Fairbanks-Morse engine ratings, while 
the C.F.R. engine ratings were 3.1 to 5.6 reference fuel numbers 
higher than the Winton combustion-shock ratings and 0.0 to 3.2 
reference fuel numbers higher than the Winton ignition-delay rat- 
ings. Table B also shows that the deviation of all C.F.R. engine 
fuel-rating methods with respect to service-engine ratings ranges 
from 2.8 to 5.7, the average deviation being 4.1 reference fuel 
number. This is equivalent to an approximately 2.9 cetane num- 
ber error between laboratory engine ratings and service engine 
performance. 

Table C of Fig. 6 indicates that the method of rating using the 
modified magnetic pick-up has the greatest laboratory accuracy, 
satisfactory correlation with service-engine tests, and efficient 
testing time in comparison with the other methods. This method 
is superior to the present knockmeter-delay method, but more 
fuels should be tested by this and other fuel-rating methods by a 
greater number of laboratories and the results correlated with 
several types of service Diesel engines before final conclusions are 
drawn. 


Fuge. PERFORMANCE IN SERVICE DIESEL ENGINES 


Fuel-performance tests on Diesel engines in the Navy have con- 
sisted of variable-load tests at rated speed on all engines and, in 
addition, of propeller-load and variable fuel-pump-timing tests 
on all motor-boat engines. As many as 83 different fuels have 
been tested in one engine, the fewest tested in an engine being 
ten fuels of selected physical-chemical characteristics and range 
of ignition quality. Many practical performance measurements 
are being made on each fuel and engine in order to cover ade- 
quately the various major service conditions and Diesel-fuel 
requirements of the U. S. Navy. These tests are not completed, 
but the following data have been summarized, usually from one 
load condition only, for the three types of Diesel engines thus far 
sufficiently tested, to show the correlation of laboratory tests with 
fuel performance in service engines. 

Since the viscosity, distillation range, carbon residue, ash, im- 
purity content, and other properties of Diesel fuels have been held 
within close limits through specifications, and refiners have in 
general supplied clean, uniformly refined fuels for the rapidly 
increasing number of high-speed Diesel engines, the major fuel 
characteristic is now that of ignition quality. Thus, while other 
fuel properties definitely influence engine performance and main- 
tenance, the following engine performances are generally shown 
plotted against fuel ignition quality expressed in cetane numbers 
determined on the C.F.R. engine by the knockmeter-delay method. 

Fairbanks-Morse Auxiliary Engine. Fig. 7 shows the idling, 
acceleration, exhaust-smoke, and fuel-consumption performances 
of 25 Diesel fuels in the Fairbanks-Morse engine. It may be 
noted that this engine performs best with fuels having high igni- 
tion quality, since the lowest fuel consumptions, when idling, and 
at 8 bhp and the least amount of combustion knock during accel- 
eration occurred with fuels having a cetane number of 55 or higher. 
One exception to this trend was found, i.e., that of exhaust smoke 
in which the least smoke density was found at a cetane number 
of 30. While it may appear that this curve might be drawn dif- 
ferently, considering the general dispersion of the data, compari- 
sons with the trends shown for smoke ratings plotted against 
other indexes, such as Diesel index, indicated that the rapidly de- 
creased exhaust-smoke rating near 30 cetane number was correct. 
The last two charts show that lowest fuel consumptions at 8 bhp 
are obtained by fuels having viscosities ranging from approxi- 
mately 2.0 to 4.5 centipoises absolute viscosity, 35 to 43 sec Say- 
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bolt Universal viscosity, and 90 per cent distillation temperatures 
from approximately 560 to 650 F. 

Fig. 8 shows the type of indicator cards, maximum cylinder 
pressures, combustion shocks, and fuel consumptions obtained in 
this engine at 8 bhp for a range of cetane numbers from 30 to 60. 
The change from smooth to rough combustion and the increases 
in maximum cylinder pressures, combustion shocks, and fuel con- 
sumptions occurring with fuels having ignition qualities below 
about 45 cetane number are clearly defined. 
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Fic. 9 Fur. PERFORMANCE IN a Bupa DMR~-186 4-CycLe Diese. 
ENGINE 


Consideration of these fuel effects, Figs. 7 and 8, together with 
other lesser effects of these and of other fuel properties have been 
of assistance in preparing Diesel fuel specifications that will in- 
sure satisfactory fuel performace in this type Diesel engine. 

Buda Motor-Boat Engine. Fig. 9 shows the type of indicator 
cards, maximum cylinder pressures, combustion shocks, and fuel 
consumptions obtained in a Buda type DA (DMR-186), 4cycle, 
four-cylinder, motor-boat, Diesel engine. These data were 
taken with ten fuels of selected physical-chemical characteristics 
and a wide range of ignition quality at 1200 rpm and 15.74 bhp. 
The general shape of the combustion chamber may be seen in the 
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sketch of Fig. 9. The part marked ‘‘valve” is turned so as to 
close off the afterchamber from the cylinder to increase the com- 
pression ratio for starting the engine in cold weather or with low- 
ignition-quality fuels. After the engine is started and warmed 
up, the valve is turned back to open the afterchamber to the 
cylinder. 

Due to the construction of the engine, the Farnboro indicator 
balanced-diaphragm pressure unit was attached to the after- 
chamber by means of a special adapter designed to maintain 
original volumes, instead of directly into the engine cylinder as in 
the case of the Fairbanks-Morse auxiliary engine. The maximum 
cylinder pressures and combustion shocks presented in Fig. 9 are 
thus representative of conditions in the afterchamber and are 
higher than those in the engine cylinder. In addition to the high 
pressures and combustion shocks sustained in the afterchamber, 
the general operation of the engine as to roughness and fuel knock- 
ing was found to be approximately as shown on the combustion- 
shock curve, the roughness of combustion increasing progressively 
with fuels of high to low cetane numbers 
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Fig. 10 Furnt PERFORMANCE IN A WINTON X1-201A 2-CycLE 
DIESEL ENGINE 


Whereas the fuel consumption in the Fairbanks-Morse engine 
increased from 0.473 lb per bhp-hr at 60 cetane number to 0.508 
Ib per bhp-hr at 30 cetane number, it was found that the fuel con- 
sumption for the Buda motor-boat engine was practically con- 
stant at 0.510 lb per bhp-hr for the whole cetane-number range. 
While the relative efficiencies of these two engines cannot be 
compared because the load conditions are not comparable in the 
presented data, the effect of ignition quality on fuel consumption 
in the case of the one engine and the lack of this effect in the case 
of the second engine indicates that the combustion-chamber design 
can be made to control fuel economies. Although no appreciable 
ignition-quality effect on fuel consumption has been found in this 
engine, combustion pressures, rough engine operation, nozzle 
carbonization and sticking, and other factors indicate that ap- 
proximately the same fuel properties are required for the motor- 
boat engine as for the auxiliary engine. 
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Winton Submarine-Type Engine. Fig. 10 shows the type of 
indicator cards, maximum cylinder pressures, combustion shocks, 
and fuel consumptions obtained in the Winton, X1—201A, two- 
cycle, Diesei engine with fuels having a range of ignition quality 
of from 25 to 80 cetane number. LEighty-three fuels, including 
24 doped fuels, were tested for ignition quality during short-time 
tests and 24 undoped fuels were tested for complete fuel perform- 
ance in this engine during 100-hr tests. The ignition-quality 
tests were made at 750 rpm and 75 bhp and the 100-hr tests at 750 
rpm and six loads. 

The generally smooth combustion, shown by the indicator cards 
for all fuel ignition qualities, is an outstanding characteristic of 
this engine. Fuel ignition quality has an appreciable effect, how- 
ever, as shown by the increasing ignition delays, explosion-pres- 
sure rises, and burning rates shown on the indicator cards from 
80 to 20 cetane number. ‘This trend is shown also by the curve 
for computed combustion shock, where the increase in fuel rough- 
ness below about 40 cetane number becomes pronounced. 

It may be noted that, while the shock pressures are increased in 
intensity at 25 cetane number several times over those at 80 
cetane number, the maximum cylinder pressure is increased only 
about 27 lb per sq in. While these tests have shown that maxi- 
mum cylinder pressures are not increased greatly in this engine, 
by fuels of low ignition quality, engine operation with fuels below 
about 30 cetane number becomes definitely impracticable due to 
combustion shock. The ability of these shock pressures to cause 
damage to engine parts, without appreciable increases in maxi- 
mum cylinder pressures, has been amply demonstrated in an 18- 
minute test with 20 per cent secondary-reference fuel, equivalent 
to approximately 14 cetane number, in which the heavy piston- 
pin bosses of the submarine engine were cracked through (8). 

In addition to the increased engine maintenance invited by the 
use of fuels below about 45 cetane number, the last curve shows a 
progressive increase in fuel consumption over the whole cetane- 
number range with decreasing ignition quality. Thus, while 
these data are for engine operation with separately driven scav- 
enge air blower and water pump, which if engine-driven would in- 
crease the reported fuel consumptions, the combined effects of 
fuel ignition quality, including nozzle carbonization, gumming of 
various engine parts, and engine wear, indicate the fuels of rela- 
tively high cetane number result in best performance and 
economy in this engine. 


BIBLIOGRAPHY 


1 “Diesel Fuel Oil Investigation,’’ U. 8. Naval Engineering Ex- 
periment Station Report, Serial No. EES-6395-A. 

2 ‘“Compression-Ignition Characteristics of Injection Engine 
Fuels,” by A. W. Pope, Jr., and J. A. Murdock, S.A.E. Journal, 
March, 1932. 

3 ‘Tentative Standard Operating Conditions and Procedure for 
Delay Method of Rating Diesel Fuels on Waukesha High Turbu- 
lence Diesel,’’ Waukesha Motors, July, 1935. 

4 “Diesel Fuel Oil Investigation,’’ U. S. Naval Engineering Ex- 
periment Station Report, Serial No. EES-6395-C. 

5 ‘The Characteristics of Diesel Fuel Oil,’’ W. F. Joachim, 
Gas and Oil Power, Technical Review Number, 1935; Diesel Power, 
Oil & Gas Power. Complete Paper published by The Atlantic 
Refining Company, Philadelphia, Pa. 

6 ‘“Cetane Numbers, Life Size,” by Lt. Comdr. R. F. Good, 
U.S. N., S.A.E. Journal, June, 1937. 

7 ‘Diesel Fuel Oil Investigation,’’ U. S. Naval Engineering 
Experiment Station Report, Serial No. EES-6395-D. 

8 ‘Diesel Fuel Oil Investigation,” U. S. Naval Engineering 
Experiment Station Report, Serial No. EES-6395-E. 

9 “Report of the Volunteer Group for Compression-Ignition 
Fuel Research,” by C. H. Baxley, secretary, and T. B. Rendel, 
chairman. Presented at Summer Meeting of the Society of Auto- 
motive Engineers, White Sulphur Springs, W. Va., May 4-9, 1937; 
Annual Meeting of the American Society for Testing Materials, 
New York, N. Y., June 28 to July 2, 1937; Second World Petroleum 
Congress, Paris, France, June 14-19, 1937. 


Sip 


gyre 
| 
| 
] 
| 
| 
| 
| 
| 
u 
of 


OGP-60-4 


Lubricating Problems in Connection With 
High-Speed Diesel Engines 


By C. G. A. ROSEN,' SAN LEANDRO, CALIF. 


Toa considerable extent the problem of lubrication con- 
nected with high-speed Diesel engines involves a study of 
the cause and effect of carbon and binder-forming deposi- 
tions. For the purpose of this paper the problems of 
lubrication will be broken down into the following head- 
ings; (1) Influence of carbon and binder forming deposi- 
tions on ring sticking, valve sticking, and lubricating-oil 
filter; (2) cylinder and ring scratching; and (3) bearings. 

In breaking this subject into its related constituents, the 
influence of fuels and the combustion process is considered 
as distinct from the effect of piston-ring-belt tempera- 
tures. 

This paper is to serve the purpose of illustrating the im- 
portance of cooperative research of engine manufacturers 
with the petroleum industry. The engine builder and 
the oil refiner serve a common customer, and his satisfac- 
tion is achieved as a result of the combined efforts of the 
two industries. 


HIS SUBJECT suggests a classification of lubricating prob- 
‘to distinct and peculiar to high-speed Diesel engines in 
contradistinction to low-speed engines. 

A recent inspection of a pair of Diesel propulsion units on an 
oil tanker and of a small-bore, fast-turning, truck Diesel em- 
phasized the differences in these two types. The appearance of 
cylinders and bearings testified as to kinship of operating cycle, 
but exemplified the ability of the large-bore unit to ‘take it” 
while the smaller cylinder labored to achieve comparable operat- 
ing hours under similar lubricating conditions. 

The difference was largely in the effect of cylinder deposits of 
carbon and binder-forming materials. The large cylinder ex- 
hibited lacquer-covered surfaces on the liners which did not ma- 
terially restrict operating efficiency, but similar deposits on the 
meager surface of the small-bore engine resulted in dangerous 
blow-by. 

The personnel of the tanker carried out routine inspections and 
made ring replacements which resulted in economic operation 
while the truck driver was somewhat puzzled over the large 


1 Engineer in Charge of Diesel-Engine Development, Caterpillar 
Tractor Company. Mem. A.S.M.E. Mr. Rosen was graduated 
from Cogswell Polytechnic College and University of California with 
degrees of B.S. and M.E. He served as Diesel engineer with the 
Dow Pump & Diesel Engine Co. from 1915 to 1922, terminating his 
service as chief engineer. He then engaged in practice as consulting 
and research engineer, 1922 to 1929, on design for Diesel-engine 
builders, on maintenance and installation for motorship and power- 
plant operators, on installation for Diesel-engine accessory and 
auxiliary-equipment manufacturers. He was instructor in Diesel 
engines for University of California Extension Division for five years 
and Pacific Coast editorial representative for Motorship, contribut- 
ing articles on Diesel engines for The Log and Pacific Marine Review. 

Contributed by the Oil and Gas Power Division and presented at 
the Tenth National Oil and Gas Power Meeting of THe AMERICAN 
Society or MEcHANICAL ENGINEERS, held at State College, Pa., 
August 18-21, 1937. 

Discussion of this paper should be adressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N.Y., and will be accepted 
until March 10, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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volume of gases which had issued from the breather and neces- 
sitated a repair job. A difference in operating results must jus- 
tify some difference in operating technique. Successful operation 
of both types can be attained by preventing deleterious forma- 
tions of carbon and binder depositions. 

Some years ago the boast was often heard that this and that 
Diesel could burn anything. This propaganda encouraged many 
attempts to use literally anything for a fuel. The advent of the 
higher-speed Diesel engine has fostered the selection of suitable 
fuel for more economical operation. Today a narrowed control 
and specific evaluation of fuel constituents is not considered amiss. 
Why not apply the same logic to lubrication and select the lubri- 
cants most suitable for low-maintenance performance? 

To a considerable extent the problem of lubrication of high- 
speed Diesel engines involves a study of the cause and effect of 
carbon and binder-forming depositions. For the purpose of this 
paper the problems of lubrication will be broken down into the 
following headings: 

1 Influence of carbon and binder-forming depositions on: 
a Ring sticking 
b Valve sticking 
c Lubricating-oil filter 
2 Cylinder and ring scratching 
a Metallurgy 
b Lubricating oils 
c Break-in methods 
3 Bearings 
a Temperature considerations 
b Bearing metals 
c Lubricants 


CARBON AND BINDER-FORMING DEPOSITIONS. 


Ring Sticking. In a recent survey of lubrication problems of 
Diesel engines, made by Professor Wilson, it wasfound that manu- 
facturers listed ring sticking as the most predominant in high- 
speed Diesel engines. In listing the influences of carbon and 
binder-forming depositions it is quite in order to place ring stick- 
ing first. In breaking this subject into its related constituents, 
the influence of fuels and the combustion process must be con- 
sidered as distinct from the effect of piston-ring-belt tempera- 
tures. 

Fuels vary in their ability to burn free from residues in small- 
bore Diesel engines. Fuels which leave sooty deposits in the 
cylinder are naturally aiding in producing ring-sticking condi- 
tions if binder-forming materials are present in the ring grooves. 
Binders may be obtained from fuels which produce aldehydes 
and varnishes, by chilled hydroxylation during the combustion 
process. Products formed by chilled destructive combustion 
will find their way into piston-ring clearances and retard the de- 
sired free floating action of the piston ring. 

Depositions from the combustion process are also traceable to 
the design characteristics of the combustion chamber. Suffi- 
ciently high temperatures must be maintained on surfaces in 
contact with burning gases to prevent chilling influences from 
altering the desired results of the combustion process. A chilled 
or temperature-reducing surface in the combustion chamber may 
be the deciding influence in changing the sequence of the reac- 
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tions of the chemistry of combustion, so that deposits are pro- 
duced which are detrimental to the maintenance of the oil film 
necessary for the proper lubrication of the piston. 

Free and uniform functioning of the fuel valve is most impor- 
tant as proper combustion depends upon the immediate respon- 
siveness of the fuel-valve needle to the pressure-wave impulses 
imparted to its unseating areas. The nozzle parts are usually 
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very closely fitted by the manufacturer so that the unit will re- 
spond to the pressure fluctuations in the fuel line developed under 
the influence of the fuel pump. Valve friction produced by tem- 
perature distortion of the fuel-valve mounting causes harmful 
deposits from the combustion process. Fuel deposition products 
vary in their formation, character, and quantity with fuel, type 
of combustion system, and the engine factors which influence 
combustion control. 

The effects of combustion deposits on piston rings are shown in 
Fig. 1. Lubricants which have a tendency toward forming hard 
tenacious lacquers develop a lacquer film on the top surface of the 
piston ring as shown in sketch A. This film may not be of suffi- 
cient thickness to retard the floating movement of the piston ring 
under normal operating conditions, but when the engine is shut 
down it may become the cause of ring seizure. An aluminum 
piston drops very quickly to jacket-water temperature directly 
after the engine is shut down, and as soon as cooling begins, the 
vertical contraction of the ring groove tends to seize the lacquer 
film and clamp the ring in its groove. This clamping may not 
necessarily take place over the entire ring surface, but may be lo- 
calized. However, after the ring has been clamped, the radial 
contraction of the piston will result in the withdrawal of the 
clamped ring or the clamped portion of the ring from its adjacent 
cylinder surface, and produce a gap between the ring and the 
liner. Continuance of satisfactory operation depends upon how 
quickly the ring is unclamped when the engine is again started. 
If channels are available for blow-by gases to sweep across the 
face of the ring, it is seized more tightly and ultimately collapses 
in the groove. 

In B, Fig. 1, is shown the case where carbon formations begin 
in the back corners of the ring groove. If the carbon is soft and 
not tenacious in adhering to the metal, the floating action of the 
ring, caused by the alternate thrust movement of the piston, will 
keep breaking the carbon off the back of the groove, thus permit- 
ting some oil pumping and desirable flushing action by the cir- 
culation of the lubricant through the ring grooves. If, however, 
the carbon is hard, dense, and tenacious, it will only be a question 
of time before the ring will be constrained in its floating action 
and clamped on the inner edge. 

The case shown in C, Fig. 1, results when the character of the 
carbon provides relative freedom of the ring from restraining 
depositions in the ring-groove clearance. The accumulation of 
carbon, however, may be sufficient to pack the back of the groove 
so tightly as to block the floating action of the ring. There is, 
therefore, serious danger of ultimately rupturing the oil film and 
causing failure by cylinder and ring abrasion. The blocked ring 
makes a plug valve of the piston, and there can be no flexible 
flow of the ring face in conformity with the liner surface. A 


FEBRUARY, 1938 


quick increase in load on a piston having a blocked piston ring 
would almost certainly lead to failure. From Fig. 1 it is appar- 
ent that the carbon and binder depositions in the ring-belt re- 
gion are of considerable interest in relation to their origin and 
effect upon operation. 

In Fig. 2 the piston is zoned into locations of depositions which 
have a bearing on the economics of engine performance. In the 
subsequent study of the influence of types of straight mineral 
oils on ring-sticking hours and piston depositions, Fig. 2 serves 
as an orienting chart and a standard of evaluation for outstanding 
qualities. This illustration was drawn from a test on a superior 


Fig. 2) Locations oF Piston Deposirions oF INTEREST IN ANALYZ- 
ING CARBON AND BINDERS 


(A) (B) 


Fig. 3. INFLUENCE oF RiING-BELT TEMPERATURE ON CARBON AND 
BinDER DEPposITIONS 


type of compounded lubricating oil designed for Diesel-engine 
service. After several thousand hours, the piston rings are free 
and the ring surfaces are clean as indicated at A. The lower 


~ 
ce 
= 
Z 
7 
- 
ime 
4 
: 
} 


OGP-60-4 


ROSEN—LUBRICATING PROBLEMS AND HIGH-SPEED DIESEL ENGINES 


prasric  reearment 


TREATMENT 


RING STICKING HOURS 
Fig. 4 INFLUENCE oF TyPEs OF STRAIGHT MINERAL OILS ON RING-STICKING Hours AND Piston DEposiITIONS 


piston skirt at B shows no low-temperature sludge deposits. 
The oil-control rings are free and the channels are open, as in- 
dicated at C. No lacquer or asphaltic deposits are evident at 
D. Of considerable importance is the absence of hard flaky 
carbon at E. Coatings of hard brittle carbon above the com- 
pression rings invariably indicate similar accumulations on the 
upper cylinder recesses which ultimately result in scuffing and 
grooving the piston crown. 

Examination of the deposit in the back of the ring grooves 
showed a thin coating in the two top ones only, and this was of a 
soft, somewhat oily, character. 

In the further discussion of piston depositions, the influence 
of fuels and combustion systems will be neglected. In all tests 
under scrutiny for this paper, the fuels burned were of a char- 
acter which minimized deposition and the combustion system 
was free of aldehydes and soots from over-rich mixtures. The 
combustion chamber was clean in all cases and the fuel valves 
left no deposits on flame plates or piston tops. 

Of particular interest is the combined effect of ring-belt tem- 
perature and types of lubricants on piston depositions of carbon 
and binder-forming materials. It is known that the temperature 
of the ring belt influences carbon and binder depositions to such 
an extent that a piston design can be offered which will prevent 
such deposits in this region if load conditions can be controlled, 
and if the type of lubricant and its characteristics are known. 
For instance, the piston shown in B, Fig. 3, operated only a little 
over 100 hr before depositions caused ring seizures and such high 
blow-by as to forecast a failure. Under exactly similar combus- 
tion and load conditions, the piston shown in A operated many 
hundreds of hours with complete freedom from any deposition 
tendencies which would indicate piston or ring failure. 

The ring-belt-temperature gradient was so predetermined by 
design in A and maintained in operation as to avoid the lodgment 
of carbon and binder depositions which would destine ring sticking. 
A change in ring-belt temperature, either by loading or control, to 
that prevailing on piston B, would induce failure in short order. 

For the purpose of comparing the influence of types of lubri- 
cants on piston depositions, tests were made of a given engine 
with the same piston design and the loading and temperature 
control were held constant throughout. The only variable was 
the type of lubricant. A summation of the results obtained with 


a variety of lubricants from straight mineral oils is represented 
by a few selected photographs superimposed upon the schematic 
diagram of Fig. 4. This set of results is predicated upon a defi- 
nite design of piston operating at a load and temperature cop- 
trol which showed high deposition rates for average oils. The 
picture would be quite different at another temperature control, 
but the most trying conditions encountered presented more 
clearly the challenge for a solution. The operating conditions 
were not severe: 75 lb bmep; water temperature 165 F; and 
oil-sump temperature 135 F; values which are encountered in 
normal operation. 

Results would also have been different had the load been vari- 
able between extremes instead of constant. Generally speaking, 
swing loads are less conducive to ring failures than constant, 
steady loads. 

Tests were terminated at a designated blow-by rate and the 
total time of operation on each oil was recorded as “ring-sticking 
hours” for that particular lubricant. 

The individual pistons are of interest in comparing depositions 
with Fig. 2. It is beyond the scope of this paper to go into de- 
tailed discussion of these materials and the results are offered for 
comparative purposes only. The type, texture, and adhering 
properties of the deposits present a study which requires engine 
operation to develop in comparative display. 

From the diagram it is apparent that for the engine conditions 
under scrutiny ring-sticking hours exhibit a rough division 
into three major classifications, each of which can be divided into 
two separate territories. There appears to be a relationship of 
ring-sticking hours in inverse ratio to the degree of treatment 
given the oil stock, the more drastic treatment yielding the fewest 
hours. Minimum chemical change during finishing is appar- 
ently conducive to longer operation before ring-sticking failure 
using straight mineral oils. Under the particular temperature 
gradient prevailing in the ring-belt section of the piston, the 
naphthenic-base oils gave the longest service. 

Of much interest is the material which clogs the oil-ring chan- 
nels, as it goes without question that clean free oil channels are 
desired. Sometimes, however, there are soft porous materials 
which may even fill the channel openings, and yet not materially 
hamper oil control because of their spongy absorptive quality. 
The most serious deposits affecting oil control are those forma- 
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tions which build up like shingles, and which are in reality par- 
ticles overlapping one another in such a way as to block the return 
channels and prevent the movement of surplus oil to the back of 
the oil-ring groove. 

While on the subject of oil rings, it appears opportune to dis- 
cuss the influence of the position of the oil rings upon deposition 


Valve 4 
Fic. 5 INFLUENCE oF LUBRICANTS ON EXHAUST-VALVE STICKING 


Valve 5 
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and consumption. With fast-reciprocating Diesel pistons, it 
appears necessary to provide two oil rings to guarantee economi- 
cal oil consumption for long-time operation. It is true that an 
oil ring on the piston skirt below the piston pin is more effective 
at lower wall pressures than one at the enlarged clearances above 
the piston pin. It is, however, essential that a suitable vent be 
provided for the escape of gases and other materials to the inside 
of the piston immediately below the bottom compression ring. 
This position provides an ideal position for an oil ring for venting 
purposes. A far cleaner piston is obtained if the bottom oil 
ring is also placed above the piston pim, as this eliminates the 
sludge trap surrounding the piston-pin region. Furthermore, 
the improved circulation and flushing action obtained with oil 
rings above the piston pin are quite advantageous for minimum 
depositions and lower wear of reciprocating parts. 

From the foregoing the following pertinent facts are developed: 


1 To provide for universal service over a wide range of load 
operation in temperatures of broad geographic distribution, the 
piston design cannot be complicated with restrictions of thermo- 
statically controlled ring-belt regions made adjustable to the va- 
riations of all straight mineral oils. 

2 The limitations of design place demands upon lubricants 
themselves to reduce to a minimum the tendency of carbon and 
depositions to affect the proper functioning of the gas sealing 
elements. 

3 A comparison of Figs. 4 and 2 points to the desirability of 
choosing suitable base stocks of acceptable treatment and finish, 
and alloying them with ingredients suitable to meet special re- 
quirements. 


Valve Sticking. Sticking of inlet valves in the high-speed 
Diesel engine is largely a problem of dirt and dust contaminations 
and may be induced by air-cleaner deficiencies. The sticking of 
exhaust valves is related to fuels and to lubricants, and to a com- 
bination of both. The carbonaceous materials in the exhaust 
gases find their way into the clearance of stem and bushing, and 
retard valve seating. The amount of these carbonaceous de- 
posits from combustion gases varies with the fuels and the degree 


Fig. 6 INFLUENCE oF Types oF LUBRICANTS ON FILTER Deposits 
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of completion of the combustion process at the time of valve 
opening. The indirect effect from fuel deposition travels up the 
valve stem from below, whereas the influence from lubricants 
operates downward from above. When using straight mineral 
oils, it is customary to cut the supply of lubricant to the valve 
stem to the minimum, to restrict the formation of gummy de- 
posits on the valve stem. With compounded types of lubricant, 
however, a copious supply is essential to make use of the solvent 
power of the oil in assimilating the stem deposits. Fig. 5 shows 
the virtue of using ample oil supply on the valve stem as indi- 
cated by valve 5. Valve 4 shows the result of insufficient lubri- 
cant. 

Filters. The subject of filters is one subject to considerable dif- 
ference of opinion. The function of a filter is primarily one of re- 
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Fie. 7 Curves SHow1nG ReMovAL oF METAL Soaps From Com- 
POUNDED LUBRICANTS BY AN ADSORBENT-TYPE FILTER 


moving injurious materials from the lubricating-oil system. 
What constitutes injurious materials appears subject to wide 
interpretation. A good filter, however, should effectively elimi- 
nate abrasives, metal particles, and water, and insure that the 
accumulations remain permanently separated and unable to re- 
enter the flow of the system. 

Filters can be quite advantageous in removing sludges and 
crankcase depositions. They do not, however, efficiently re- 
move ring-sticking binders. Their use may postpone ring stick- 
ing somewhat, but the most deleterious binder materials are de- 
veloped in the zone of the piston-ring belt quite remote from the 
sphere of activity of the filter. 

Filter depositions vary considerably with different types of 
lubricants, as illustrated in Fig. 6. These filters were all in op- 
eration for approximately 1400 br and permitted full line pres- 
sure on the lubricating-oil system just prior to this time. Filter 
A could have continued to operate for some time before cleaning 
became necessary. The accumulations on filters B and C had 
started to reduce the line pressure, however, although they dif- 
fered widely in character and quantity. 

Many believe that the lubricating-oil filter should be a re- 
fining system, while others approve the practice of systematic 
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oil changes because of the resulting desirable solvent action of 
new oil. The operating benefits derived from the use of selected 
additives to base oils are of great economic importance. As 
pointed out in the author’s paper,’ not only does their use improve 
Diesel-engine lubricants in resistance to ring sticking, but ad- 
vantages are also derived in decreased cylinder and ring wear, 
reduced blow-by, depression of sludges, increased film strength, 
and effective flushing and cleansing. As these desirable qualities 


Fie. 9 INFLUENCE OF SURFACE PRETREATMENT OF LINER AND 
Runes on 3 Hr Break-In or Piston 


are conducive to lowered maintenance costs, their preservation 
is paramount. 

Some filters of the adsorbent type not only remove the im- 
purities accumulated in the lubricating-oil system but also the 
desired additives of compounded oils. Not only is there a de- 


2 “Engine Temperature as Affecting Lubrication and Ring Stick- 
ing,”’ by C. G. A. Rosen, S.A.E. Journal, April, 1937. 
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cidedly growing tendency toward the use of additives for Diesel 
operation, but they are also being used in motor oils for such pur- 
poses as corrosion inhibition, pour-point depression, and others. 
These ingredients, designed to yield specific operating virtues, 
are removed by many of the clays and earths in use in adsorbent- 
type filters. The curves of Fig. 7 show the percentage of metal 
soap removed from the oil by such a filter. Cycle 1 represents 
the activity of removal of a new filter on the first oil filling. 
After 60 hr of engine operation, the crankcase oil was changed 
and the influence of the filter on this new batch of oil is shown in 
cycle 2. It is evident that the ability of the filter to remove soaps 
continues for 5 cycles or a total of 300 hr of engine operation. 
The ingredients which were designed to provide improved operat- 
ing qualities were removed from performing their function. 


CYLINDER AND RING SCRATCHING 


The problem of cylinder and ring scratching is receiving con- 
siderable investigation. Briefly, there are three important fac- 
tors involved in this problem, namely, metallurgy, lubricating 
oils, and breaking-in methods. 

Metallurgical considerations involve the material in liners and 
piston rings, with respect to those qualities which enable the 
lubricant to establish and support the necessary oil films. The 
graphitic-carbon structure appears to be important in obtaining 
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the proper cleavage for the lubricant to promote adherence of a 
film to the liner and ring faces. The percentage of graphitic car- 
bon at the surface of piston rings must be sufficiently high in rela- 
tion to the rubbing surface. Nodular or pin-point graphite 
structures tend to prevent oil spreading and film adherence. 
The presence of free ferrite is highly detrimental to the proper 
surfacing of the ring faces. Chemical composition is of consider- 
able influence in retarding corrosion caused by the combustion 
process. 

Because of the tendency of certain combinations of ring and 
liner materials to exhibit what might be termed incipient scratch- 
ing proclivities, there is need for lubricants of high load-carrying 
ability. Operating conditions often make it difficult to support 
suitable oil films. Quite recently considerable progress has been 
made in the development of additives which exhibit superior 
load-carrying ability, even under the most adverse conditions for 
film formation and support. 

The manner in which raw machined surfaces are transformed 
into bearing surfaces capable of maintaining an oil film is of con- 
siderable importance in relation to the ultimate life of the liner 
and rings. It has been found that certain methods of break-in 
endow reciprocating surfaces with wear resistance which con- 
tinues its influence after thousands of hours. Additives used to 
shorten break-in periods have had the effect of reducing the wear 
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during many thousands of hours of operation. In other words, 
the influence of the chemical additives even though used for 
only a short period lasts throughout the life of the reciprocating 
rubbing surfaces. 

Quite recently material improvements have been made in pro- 
viding rapid and safe break-in by the use of chemical treatments 
on the cylinder and ring surfaces. The purpose of these chemi- 
cals is to endow the reciprocating faces with extreme-pressure 
characteristics and encourage the rapid spreading of the lubricant 
during the break-in period. By transforming the cylinder sur- 
face to a blotter-like material, the lubricant is absorbed quickly 
and adheres tenaciously, thus permitting a rapid form of mild 
By this 
process piston rings which normally required about 100 hr to ob- 
tain full ring-face conditioning and 100 per cent bearing face 
ean be run in to comparable surface contacts in 3hr. This trans- 
formation of the chemically treated surface to a highly polished 
face having film-supporting characteristics is an accomplishment 
of first magnitude. 

It is undoubtedly true that quick breaking-in to full surfacing 
is conducive to low ultimate cylinder and ring wear. The quick 
and effective sealing of blow-by gases to prevent their entering 
the crankcase cannot be overestimated. The advantages of 
quick and safe break-in are readily appreciated by comparing 
Figs. Sand 9. It is apparent in Fig. 9 that the piston rings bave 
received 100 per cent surfacing, and this was done in 3 hr, the 
break-in period terminating at full-load operation. When con- 
ditions are encountered as shown in Fig. 8, there is little hope of 
ever restoring normal lubricating-oil films. The liner surface 
has been transformed to a corrugated structure which provides 
the most unsatisfactory condition for the support of an oil film. 
In the case of Fig. 9, the liner high spots have all been smoothed 
out and the cylinder surface can maintain with ease a uniformly 
spread oil film. 


abrasion which produces superior wearing surfaces. 


BEARINGS 


The lubrication of the connecting-rod bearings in high- 
speed Diesel engines involves the correct balance of temperature 
dissipation over the bearing surfaces with respect to design, 
materials, and lubricants. Under the pressure and temperature 
conditions prevailing in connecting-rod bearings of fast-running 
oil engines, it is necessary that there be intimate contour align- 
ment between the bearing surface and the crankpin. Of interest 
in this regard are the two rods illustrated in Fig. 10. These 
bearing shells are taken from a specially designed bearing test 
machine in which the bearing load is concentrated on two narrow 
tracks. The lubricant is fed to these tracks from a large central 
flow channel and an accelerated test provides an evaluation of 
bearing materials and lubricants within a period of 12 hr. The 
connecting rod marked 5 is of such flexible design as to permit 
the bearing surface of the track to have full contact with the 
crankpin. Rod No. 7 is of such rigid design that no flexing occurs 
and the original contour of the bearing tracks maintains the de- 
sired intimate contour alignment with the crankpin. An inter- 
mediate design between these two extremes would permit bearing 
distortions which would cause high concentrated loading at 
limited areas and result in failure in 6 or 7 hr. 

Of outstanding importance in the matter of maintenance of 
an oil film to support the bearing loads are conformity of the sur- 
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Fig. 11 INFLUENCE oF ADDITIVES ON THE LIFE OF CONNECTING- 


Rov BEARINGS 


face of the bearing to the pin and sufficient circulation of the 
lubricant to prevent those temperatures which cause destruction 
of the bearing material. The type of lubricant has an important 
influence on the rate of circulation and, therefore, on the ability 
of the bearing material to support itself under the conditions pre- 
vailing. 

In Fig. 11 are illustrated the magnified tracks of bearings 
after accelerated tests. The upper bearing on which a straight 
mineral oil was used shows a slight checking of the track close 
to one edge. The lower photograph shows tbe result of using a 
lubricant of the same base stock with an added ingredient. The 
compounded lubricant has improved flow characteristics and 
provides the necessary oil film so that the track face is entirely 
free of any checks or defects due to excessive local tempera- 
tures. 

This paper has served the purpose of illustrating the impor- 
tance of cooperative research of engine manufacturers with the 
petroleum industry. The engine builder and the oil refiner serve 
a common customer, and his satisfaction is achieved as a result 
of the combined efforts of the two industries. 
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The Design of Railway Axles and 


Locomotive Crank Pins 


By R. EKSERGIAN,' PHILADELPHIA, PA. 


Tendencies toward increase in speed have focussed at- 
tention on modifications in present axle proportions. 
High-speed locomotives require corresponding considera- 
tions, particularly in the proportioning of locomotive 
crank pins. 

Great credit should be given to those responsible for the 
introduction of the standard A.A.R. axle, which has suit- 
able proportions for normal operating conditions. With 
increased speeds, modifications of these established pro- 
portions are necessary. While the necessity for modifica- 
tion in the proportions has been recognized, the question 
of proper ratings for high-speed axles is still a matter for 
considerable discussion. The object of this paper has 
been to set forth various aspects of loading conditions and 
stress limitations. A comparison of various methods of 


1—THE DESIGN OF AXLES 


NHE background of car-axle design has been primarily 
based on the Reuleaux method. This method assumes, 
in addition to the vertical loading on the journals, a lateral 

loading corresponding to the centrifugal and other lateral forces 
applied at the center of gravity of the spring-supported weights 
and practically sufficient to overturn the axle. In the Master 
Car Builders’ report of 1896 for standard box cars, the center of 
gravity of the car was located 72 in. above the rail, and the lateral 
overturning force with standard-gage track amounted to about 
0.4 the vertical loading. From data on spring surge loadings, 
both vertical and lateral loadings were increased by 26 per 
cent. On this basis, stresses were limited to between 22,000 and 
23,000 Ib per sq in. Later the trend has been a gradual lowering 
of stresses, passenger cars being reduced from 20,000 to 18,000 
lb per sq in., with further lowering in high speed service. 


1 Consulting Engineer, Edward G. Budd Manufacturing Com- 
pany. Mem. A.S.M.E. Dr. Eksergian was graduated from the 
Massachusetts Institute of Technology in 1914 with the degree of 
B.S. In 1915 he received the degree of M.S. from M.I.T. and Har- 
vard, and in 1928 he received the degree of Ph.D. from Clark Univer- 
sity. From 1915 to 1917 he was engaged in research at Harvard 
University and M.I.T., and was a Fellow in Physics at Clark Uni- 
versity. From 1917 to 1920 he was a Captain in charge of artillery 
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axle proportioning has been made with the suggestion of a 
new interpretation of loadings. While axle design is nec- 
essarily empirical, based on statistical data of axle fail- 
ures, it is desirable to guide the interpretation of such data 
by closer approximation to the true loading conditions. 
For this reason, the subject of axle design has been divided 
into two parts. Part 1 covers the subject of present meth- 
ods of axle proportioning and an analysis of the divi- 
sion of the loading into various components; some con- 
sideration is given to stress concentrations and endurance 
limits of the material. In Part 2 some characteristics of 
the nature of dynamic loadings is given, based on sim- 
plification of various conditions met in actual operation. 
Part 3 of the paper discusses a correlated subject, locomo- 
tive crank pins. 


The record of axle failures are in greater part fatigue failures 
at fillets, and particularly in the press-fit region of wheel on axle 
just inside the inside wheel fit. These factors indicate that axle 
design is primarily a problem of stress concentration subjected to 
alternating stresses. It is known that average press-fit condi- 
tions practically amount to a reduction of roughly 50 per cent in 
the endurance strength of the axle in the wheel fit compared to the 
straight portions of the axle. Sharp fillets also are conducive to 
high stress concentrations and to the lowering of the endurance 
limit. 

The failure of locomotive pins likewise may be attributed to 
stress concentrations in the press fit, so that the problems in axle 
and pin design have many common relations. 


Car-AXLE LOADINGS 


The design of an axle requires consideration of three types of 
loadings: (1) Normal vertical loadings; (2) maximum lateral 
and vertical loadings combined, and (8) statistical average of 
combined loadings which may be attributed to average fatigue 
conditions. Ordinarily (1) may be considered irrelevant as a 
maximum loading condition, but neglecting (1) and considering 
(2) only, may result in too great a tapering of the axle toward the 
center. 

The statistical average of combined loadings is difficult to 
appraise accurately, but it is certain, particularly in high-speed 
service, that the lateral and rolling loadings, resulting in unequal 
journal loadings together with increase of vertical surge be- 
come of major importance. A few tests on spring suspensions, 
indicate that average lateral loadings approach 20 to 30 per 
cent of the vertical loadings, while vertical surge may average 
from 15 to 20 per cent with occasional overloads from 30 to 
40 per cent of the static vertical loads under high-speed opera- 
tion. Maximum lateral, rolling, and vertical surges are fre- 
quently greater. 


Tue Revieaux For DEsIGNING AXLES 


The dynamic loading of an axle is difficult to appraise. It is 
dependent on its position in the wheel base, the configuration 
of the truck, the relations of spring suspension, center of gravity 
of spring-borne parts, moment of inertia and weight distribution. 
It is also dependent on the road bed, curves, rail joints, and speed 
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conditions.? Self-induced vibrations may impose heavy lateral 
impact loads, and from the fatigue aspect the statistical average 
of these loadings is of major importance. 

On entering and rounding curves, the centrifugal force applied 
at the center of gravity of the car body results in lateral 
loading and an overturning moment, increasing the journal 
load on one side over the other, together with a lateral thrust 
at the rail. 

In cases of dynamic loadings, it can be shown roughly that 
the lateral and rolling oscillations can be reduced to an equiva- 


Fig. 1 Norma Forces ON THE AXLE AND WHEELS 


lent statical force applied laterally through the center of gravity 
of the car body. While its corresponding moment is not neces- 
sarily the dynamic moment causing change in loadings on the 
journals, we may consider as a first approximation the moment 
due to the lateral force applied through the center of gravity as 
also equivalent to the roll moment of the car body. 

If, as shown in Fig. 1, we let 


H = lateral force applied through the center of gravity 
of the car body = 0.4 W 
W = axle loading plus allowance for vertical surge = 


1.26 static axle load 
and = journal loads 
N, and N2 = corresponding vertical components of rail reaction 
F, and F, = lateral components of rail reaction, that is, 
F, — F, = H, approximately 
l = journal centers, approximately 78 to 79 in. 
G = wheel-tread gage = 59 in. 
b = (l — G)/2 = overhang of journal bearing loads 
from center of rail reaction 
total height of center of gravity above the rail, 
taken as 72 in. for box cars 
r = wheel radius 
h, = height of center of gravity above journal centers 
a = angle of wheel tread with the horizontal 


h 


ll 


Then = H+ F; = H + 


If z is the distance of any section of the axle measured from the 
center line of the journal, then for sections along the journal 
the bending moment is 


Hh,  W 
M, = (= + (7] 


and for section between the wheels, the bending moment is 


2 See Appendix 2 for a discussion of the effect of tread friction on 
axle loading. 

3 Tan a can be regarded as the coefficient of friction at the inner 
wheel thread. 
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W Hh W Hh 
Ww Hh 
so that 
W Hh Hh, 
z+ Hr 
W Hh 


Since H is close to the overturning condition, the last term in 
Equation [10] can be neglected so that 


On the basis of approximating an overturning lateral force 
with the center of gravity at 72 in., H X 72 = W X (59/2), 
so that H = 0.4 W, approximately. Allowing for 26 per cent 
vertical surge, W = 1.26 W,, where W, is the static journal 
load. Then for the bending moment in inch-pounds for sections 
between the wheels 


h 
M, = 1.26 
ow,| ( 5 + + 0.4 (4 at | 


and for the journal sections 
h, 
M, = 1.26 W,(0.5 + 0.4 {13] 


CompounbD-AXLE ASSEMBLY 


An example of a compound-axle assembly consisting of an 
outside tube rigidly attached to the wheels, with the roller- 
bearing assembly at the wheel seat, is the American Steel Found- 
ries’ roller-bearing unit. In Fig. 2 is shown the reactions 
on the outer-tube wheel assembly and the inner axle, separated 
to show the interactions at the roller bearings. In this case let 


W, = static axle load 
W = 1.26 W, = dynamic axle load, lb 
H = lateral loading Ib 
a = height of the center of gravity of the car body 
above the center line of the axle 
journal centers, in. 
rail-pressure centers, in. 
= roller-bearing centers, in. 
angle of rollers with respect to the horizontal 
diameter of roller-bearing race 
wheel radius 


| 


The journal loads and vertical components of the roller- 
bearing reactions can be expressed as 


P, = (W/2) + 
= (W/2) — {15} 
Vi = (W/2) + [16] 
Ve = (W/D) — {17] 


where c’ = c + dtana. 
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AXLE HOUSING 


Fig. 2 


The horizontal components of the roller-bearing reactions are 


and 
Therefore 


The rail reactions, neglecting the dead weight of the axle 
and the taper of the wheel face, are 


Ww W Hh 
(a ) 


= — + —.......... 21 
Ry + m 2 m (21] 
and 
Ww H(a + r) Ww Hh 
m 2 [22] 
where 
h=a+r 


In the bending-moment diagram for the axle, the overhang 
of the journal center to the bearing center is 


and the overhang of the journal center to the equivalent bearing 
center is 


l, = 1, — (2/2) tam [24] 


and z is the distance to any section of axle measured from the 
journal center line. Then the bending moment in inch-pounds, 
from the center of the journal to the bearing, is 


W dH 


BENOING MOMENTS T 


CoMPpouUND-AXLE ASSEMBLY—A.S.F. Unit 


and between the bearing centers the bending moment is 


M = Pyx — — bh) = Pix — Vi [x — — (d/2) tan a} J. [26] 


W 
2 b 2 c+dtana 


W Ha Ww Ha 
Therefore 
Ha 1 1 
[29] 


In the bending-moment diagram for the axle housing, let 
K = (c — m)/2 = distance from the center of rail pressure 
to the center line of the bearing, and v = distance measured 


from the center line of bearing inward along axle. Then 
d 
= R(K + v) — Ar— Vi (. 5 tan 
W W 
- —m—(% 
Ha d 
-tana}...... 31 
+ (044 na) (31) 


when v = 0, this reduces to 
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W Hh Ww Ha d 
+ — K—Ar—{— + — 


Essentially, the following features should be noted: 

1 The maximum bending moment for either axle or housing 
is roughly one half that occurring in a standard rotating axle. 

2 The axle element revolves sufficiently slowly to be con- 
sidered not subjected to high fatigue conditions. In other 
words, the number of repetitions of stress is of low order; there- 
fore, the endurance limit is raised. 

3 The press fit for the roller-bearing race is inherently lower 
than with the wheel-fit press-fit on the axle. 


EFFEcT OF GUARD RaILs AND CRrOss-OVERS 


For very sharp curves, approach to bridges and cross-overs, 
guard rails are introduced. When flange play exceeds guard- 


— 
| 

ds | 
| 
=> | 

— 
i é # 4 

G@ 

N, 


Fig. 3 AXLE AND WHEEL Forces DUE TO SprinG-BORNE AND 
JOURNAL-SUPPORTED PARTS 


rail spacing and particularly at cross-overs, lateral impacts 
reacting on inside of wheel flanges take place. Ordinarily, the 
roll moment can be neglected for this type of loading so that 
the maximum bending moment is equal to the lateral impact 
times the wheel radius. With inside journals, however, this 
bending moment is augmented by the vertical rail reaction 
moment when considering moments at the inside journal. 
With outside journals, the guard-rail reaction reduces the bend- 
ing moment for the inside part of the axle. 


Errect oF Heavy Deap AxLE WEIGHTS 


In extending the Reuleaux method to motor-truck and heavy 
driving axles in locomotives, it is obvious that consideration 
must be given to the weights of these parts and their corre- 
sponding lateral inertia loading. For this reason some modifica- 
tions in the Reuleaux formula is necessary. 

The masses are then divided into spring-borne or journal- 
supported parts and dead axle weights. In order to obtain 
a lateral force as an overturning lateral loading, it is now necessary 
to estimate the combined center-of-gravity height for both 
spring-borne and dead axle weights. In this case, let the dynamic 
weight include allowance for surge, and 


W, = dynamic weight of spring or journal-supported loads 
W, = dynamic dead weight of axle, wheels and boxes 
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W,, = dynamic motor weight on axle 

W = W.+ Wa + Wm = axle rail load 

. = height of spring-borne or journal-supported weights 
above the journal centers 

= wheel radius 

h = center of gravity of combined weights above rail 


| 


| 


Referring to Fig. 3, let H, = kW, be the lateral force of journal- 
supported parts; H. = k(Wa + Wn») be the lateral force for 
the dead weights; and H = kW be the resultant lateral or 
rail reaction. For overturning conditions 


Hh = H,(h, + + Hor = [33] 


where H = H, + Hz: and W = W, + W,, + W,; hence 
wG/2 


W,(h, + (W, + W,,)r (34) 
W,(h ) W 
W 
The journal loads are 
W. . HA, kh, 
where h, = W(h —r)/W,, and W = W,+(W,+ W,,). 
The vertical components of the rail reactions are 
W Hh, . (WH. + 
Hh kh 
Hi 
(= O for overturning) .... [40] 
For sections along the journal, the bending moment is 
and for sections between the wheels 
, _ We 
M, = Piz + Hr—|\ Ni — (7 —b)...... [42] 


where x is measured from journal centers in calculating either 
bending moment. 


Moror AXLeEs 


With axle-hung geared motor axles, part of the motor frame 
is suspended directly on the axle and the remainder on a nose 
suspension in the frame. 

If, as shown in Fig. 4, @ is the motor torque, y = r,/r, = 
gear ratio and R = the wheel radius, then the tractive force 
at the wheel base is 


where dy = distance from the axle to the nose suspension, and 
q = percentage of motor weight on the axle expressed as & 
decimal. 
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Figs nS and the nose reaction L at the frame support is 
FR 
dy 
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The reaction P between the pinion of radius r, and gear of 
radius fy is 


FR Py 


— = 5] 


r, cos 20 deg r, cos 20 deg 


P= 
r, cos 20 deg 

The horizontal and vertical reactions on the motor bearings 
at the axle are readily obtained by considering only the motor 
frame and motor with pinion. Then the reactions consist of 
the gear-wheel reaction on the pinion, the nose reaction at the 
frame support, and the reactions of the axle on the frame at 
the frame bearings. Let a = distance between bearing supports 
and b = the distance from the inboard bearing to center line 
of gear. 
ings are 


Then, the horizontal components on the motor bear- 


a+b 
H, = P sin = 20 deg) 
\ a 
[46 | 
H, = P - sin (6 + 20 deg 
a 
and the vertical components are 
Vi=P{- ) cos (9 = 20 deg) — L - + W,, 
a a a — 
b a—e a c | 
V2 = P- cos(¢ + 20 deg) + L «= W,, | 
a a a 


where e and ¢ are the lateral distances of the nose and the center 
of gravity of the motor from the outboard bearing. 
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Av 


Psin(8-20) 
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Ae Psin (2008 
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Fie. 4 Forces on a Truck Wirn Axie-Huna GEARED Moror 
AXLES 


The plus and minus signs correspond to leading and trailing 
motor axles, respectively. The reactions, expressed by Equa- 


tions [46] and [47], reversed are the reactions exerted by the 
motor frame on the axle. 

The motor axle is also subjected to a torsional moment, 
0.5 FR = 0.5 6. 
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Effect of Weight Transfer. The nose reactions on the frame 
result in a change in journal loads under traction. 

The change in rail reaction is effected by the weight transfer 
due to traction. With a simple two-axle truck, with a center- 
pin height h and wheel base B, the change in the rail reaction is 
AN = 2Fh/B. The journal-load change is 


R 2h 2h 
AV = AL—AN =F —-—j=2 — ~— — }.. [48 


an increased loading on the front journals and decreased loading 
on the rear journals. Since the bracket term is small, the change 
in weight transfer at the journals may be considered small. 

A numerical calculation of motor reactions on the axles will 
show such reactions and corresponding bending moments are of 
small order compared with the lateral and rolling loads. 

Effect of Mass of Motor Suspension. At high speeds the 
effective mass of the motors increase the dynamic loading on 
the axle. The reaction due to impact of the motors is trans- 
mitted through the gear and pinion and through the motor 
bearings. Let R = reaction between pinion and gear; Q = 
reaction between motor frame and axle; r, and r, = radius of 
pinion and gear, respectively; a@ = r, + 1; M = mass of 
motor including armature, frame and pinion with the center of 
gravity assumed at the pinion axis; and m,k,? and mk? = 
moments of inertia of the armature and frame, respectively. 

Then the impact transmitted through the axle bearings and 
pinion and gear is, 


where 
[50] 
a’m,k,? + mk,*r,? 
P 
Tp 
a? m,k,? 
and 
r,? 
For actual calculation A? = kg where k must be estimated from 


experience. 

These loadings primarily affect only the center part of the 
axle and are opposite in bending action to lateral and roll reactions 
with outside journals. On the other hand, lateral impact and 
surge loadings are augmented due to the increase of dead axle 
weights. 


Various Metuops or Loapinc BasED ON THE REULEAUX 
MertTHopD 


The effect of the combined loadings, due to normal vertical 
surge, rolling surge and latera surge are, by the Reuleaux 
method, obtained by the device of a single lateral force applied 
through the center gravity of the car, and which is combined 
with the normal vertical increased by allowance for vertical 
surge. 

The objections to the method are that the rolling moment 
and lateral force have a fixed relation determined by statics, 
but not necessarily consistent with corresponding actual dynamic 
loads. For instance, the effect of variations in the height of 
the center of gravity on the rolling moment, from dynamic 
considerations, are not as great as is indicated by the Reuleaux 
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TABLE 1 STRESSES IN A 5'/2 X_10-IN. A.A.R. AXLE WITH A 
LATERAL LOADING OF 40 PER CENT, A 30,000-LB TOTAL RAIL 
LOAD AND AT DIFFERENT CENTER-OF-GRAVITY HEIGHTS 


Stress Stress Stress 
with with with 

center of center of center of 
gravity gravity gravity 

Diameter at 56in., at 64in., at 72 in., 
of sec- lb per lb per lb per 
Section Location of section tion, in. sq in, sq in, sq In. 
AA Mid-section....... 5.875 15300 15400 15400 
BB Inside fillet........ 6.750 15300 15700 16000 
cv Mt... 7.000 14000 14400 14700 
DD Dust-guard fillet... 6.250 6480 6870 7250 
EE Journal fillet...... 5.500 8100 8570 9050 


TABLE 2 STRESSES IN A 5!/: X 10-IN. A.A.R. AXLE WITH 
LATERAL LOADINGS OF 40 AND 52.6 PER CENT AND A 30,000-LB 
TOTAL RAIL LOAD, APPLIED AT A CENTER-OF-GRAVITY 
HEIGHT OF 56 IN. 


Stress with Stress with 


40 per cent overturning 

lateral lateral loading 

loading, lb of 52.6 per cent, 
Section Location of section per sq in, per in, 
AA Mid-section............ 15300 17600 
BB ee 15300 18400 
cc 14000 16800 
DD Dust-guard fillet........ 6480 7060 
EE Journal fillet.......... 8100 8800 


TABLE 3 STRESSES IN A 5'/2 X_10-IN. A.A.R. AXLE WITH A 
LATERAL LOADING OF 40 P CENT AND A 30,000-LB TOTAL 
RAIL LOAD, NEGLECTING AND INCLUDING THE WEIGHT 
OF THE AXLE ASSEMBLIES 


Stress with 
center-of-gravity 
height at 56 in. 


neglectin Stress, lb per sq in., 


weight o including weight of axle 

axle assem- assembly when center-of- 

bly, lb per gravity height is 
Section Location of section sq in. 56 in. 64 in. 
AA Mid-section....... 15300 14720 14770 
BB Inside fillet........ 15300 14840 15200 
Wheel &......... 14000 13630 13970 
DD Dust-guard fillet... 6480 6120 6510 
EE Journal fillet...... 8100 7680 8170 


method. Another feature is that the lateral loading, based 
on approximating overturning conditions, greatly aggravates the 
lateral loading at low speeds and corresponding rolling moments. 

Therefore, the design of axles by any form of the Reuleaux 
method must be based on fictitious allowable stresses con- 
sistent with the degree of overloading assumed by the method. 
To allow for increases of speed, where the actual loadings increase 
and therefore approach more nearly the maximum loading con- 
ditions assumed by the Reuleaux method, it is necessary to reduce 
the allowable stresses to more nearly their true values. There- 
fore, the index stresses with loadings imposed by the Reu- 
leaux method must be lowered with increase of speed. 

Comparison of Methods. In order to show the variation of 
bending moments and stresses, a 5!/2 X 10-in. A.A.R. standard 
car axle and 36-in. wheel has been investigated on the basis of 
a rail axle loading of 30,000 lb. The sections considered are 
AA at the center of the axle, BB at the inside fillet, CC at the 
inside end of the wheel fit, DD at the fillet inside the dust guard, 
and EE at the journal fillet. 

The following methods were considered: 

1 The rail weight was considered concentrated at the center 
of gravity of the combined weight of the car body and truck 
including axle. In this method the weight of the axle and wheel 
assembly was neglected in the calculations. 

The effect of the center-of-gravity height was shown by taking 
the combined center of gravity at 56 in., 64 in., and 72 in., respec- 
tively, the latter corresponding to the value taken in the original 
Master Car Builders’ application of the Reuleaux method. 

The vertical loading was increased by the usual 26 per cent 
allowance for vertical surge. The lateral loading was taken at 
40 per cent of this increased loading, and was applied at the center 
of gravity. 
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With this loading the journal and rail loadings were de- 
termined from statics. The stresses at the various sections 
of the axle for the three heights of center of gravity are given 
in Table 1. 

It can be concluded from Table 1, on the basis of a fixed 
lateral reaction at 40 per cent of the dynamic loading, that the 
effect of the center of gravity height has small influence on the 
stresses at various sections, particularly for modern equip- 
ment wherein the tolerance of the center of-gravity heights 
may be considered from 56 in. to 64 in. 

2 In this case the lateral loading was increased to the over- 
turning value, which, at the combined center-of-gravity height 
of 56 in., amounted to 52.6 per cent of the dynamic vertical 
loading, the latter of which includes allowance for vertical 
surge. In Table 2 these stresses are compared with those at 
40 per cent lateral loading at the same center-of-gravity height 
given in Table 1, that is, 56 in. 

From Table 2, on the basis of the overturning lateral, it will 
be noted that the index stresses are increased by 20 per cent 
at the wheel fit and inside fillet. For this reason, higher index 
stresses can be allowed where this method is used. 

3 Next, an investigation was made on the basis of differen- 
tiating the wheel and axle weight from the journal-borne parts, 
so that the weight and inertia of the axle assembly result in 
differences between the journal loadings and the rail reactions. 

On the same basis of loadings, i.e., at 30,000-Ib rail load 
and with the assumption of 2200 lb for axle and wheel assembly, 
the stresses were determined on the basis of 40 per cent lateral 
loading for the journal-borne parts and axle separately applied 
at their respective centers of gravity. The weights of the axle 
assembly were assumed concentrated at the wheels. 

In Table 3 these stresses are compared with the results ob- 
tained by nelgecting the weight of the axle assembly. While 
the lower stresses given by this latter method are more nearly 
correct, the additional complication hardly justifies this re- 
finement. 


EFFEcT OF BRAKING ACTION ON Car-TRUCK AXLES 


In the braking of a car truck the center-pin reaction, due to 
the inertia of the car body combined with the inertia of the 
truck itself, is resisted by tangential forces at the rail. The 
combined couple results in a weight transfer, increasing the 
loading on the forward axle at the rail, with a corresponding 
decrease at the rear axle. 

The change in journal loadings, however, usually is con- 
siderably modified from the rail reactions due to additional 
vertical components of the brake-shoe reactions. 

It is important to emphasize that the change in axle rail 
loadings due to braking is totally independent of the foundation 
brake mechanism or the position of the brake shoes, since the 
reactions between the parts are of an internal nature. It is 
true, of course, that the thrust on the brake shoe and its friction 
coefficient controls the tangential force at the rail and thereby 
the rate of retardation, and only in this way does it control 
the weight transfer at the rail. . 

Due to the fact that the stopping force at the rail, when once 
determined from the friction forces at the brake shoes, results 
in a definite weight transfer, it is only then necessary to isolate 
the axle and wheel assembly and, with the known change in 
loading at the rail and the brake-shoe reactions on the wheel, it is 
then possible to estimate the change in journal loading due to 
braking. 

Fig. 5a shows the inter-actions between wheel and brake 
shoes, together with the other reactions on the wheel and shoes, 
respectively. The reactions are: 

F = tangential or stopping force at the rail 
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W + AW = dynamic reaction at rail = static rail axle load 
+ weight transfer reaction 

P = braking load = foundation brake-shoe reaction 
on forward shoe 
braking load on rear shoe, usually P’ = P 
radial component of mutual reaction between 
forward shoe and wheel 
tangential component of mutual reaction be- 
tween wheel and forward shoe 
similar component reactions between wheel and 
rear shoe 
S and S’ = brake-hanger reactions on the forward and the 

rear shoes 


P' 
N 


i] 


Other notations are: 


8 = angle between the horizontal and the radius 
from the wheel center through the brake-shoe 
pin, i.e., the angle of obliquity of the brake shoe with 
respect to the horizontal 

y = angle of obliquity of the brake-shoe hangers with 
respect to the vertical 

J = journal-load vertical component 

H = journal-load horizontal component 

R = wheel radius 


if 
WN’, 
W-AW W+AWw 
(b) 
Fig. 5 Forces on AN AXLE DvE TO BRAKING ACTION 


Due to the offset of the brake-shoe pin with respect to the 


wheel surface and the friction couple thereby acting on the 
shoe, the bearing pressure is increased on the trailing ends at 
the shoe contact with wheel. In a first approximation, there- 
fore, the resultant of N and uN must pass through the pin 
center of the shoe. 

To locate the angle @ between the radial thrust component 
between the shoe and wheel, and the radius through the shoe 
pin, let H = the radial distance from the center of the wheel 
to the brake-shoe pin, then 


uN(E cos 6 — R) — NEsin@ = 0.............. [53 ] 


Therefore 


poos@— sind = uR/E................ [54] 
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If » = tan a, where a = friction angle, then, sin (a — @) = 
wR cos a/E. Therefore 


where a = tan~! 

Considering the horizontal and vertical components on the 
shoe and eliminating the brake-hanger reaction S, the radial 
thrust between the forward shoe and wheel is 

P cos y 


N 56 
cos (8 — @— y) — usin (8 — — y) 


and the radial thrust between the back shoe and the wheel is 


P’ cos y’ 
cos (8 + 6’ — y’) — usin (8 + 0’ — y’) 


where, in general, P = P’, y = y’, and @ = 0’. 

Vertical Component of Rail Reaction. In Fig. 5b is shown the 
inertia forces and the horizontal center-pin reaction H due to 
the inertia reaction of the car body. Let b = length of wheel 
base (four-wheel truck), R = wheel radius, h = height of center 
pin above rail, m, = mass of truck including wheels, h, = height 
of center of gravity of truck above rail, m, = w/g = mass of 
wheel and axle assembly, k,, = radius of gyration of the axle- 
wheel assembly, m, = mass of the motor, k, = radius of gyration 
of the motor armature, and q = gear ratio. 

If M, = mass of the car body per truck, then the weight 
transfer of car body on truck is 


[58] 


where 2M, is the car-body mass, h, is the height of the center 
of gravity above the center pin, L is the distance between the 
trucks, and ¢ is the retardation. The retardation # is con- 
trolled by the limiting friction forces =F at the rail, so that, with 
a two-axle truck 


(M, + m)# = —2F = —2F............ 


from which # can be calculated. 
The total weight transfer per axle is 


Hh h, 2(m,k,,2 — AV 
In the first approximation 
Hh _h, 


where ¢ = —2F/(M. + m). 
Journal Loads. Considering the vertical components on the 
axle and wheels, the total journal load for the leading axle is 


J=W+ AW —w + N{[s:n(8 — + (8 — 4)] 
+ N’[sin(8 + 6) — u’ cos (8 + 4)]... . [63] 
Therefore 


cos y [sin (8 — 6) + u cos (8 — 8) | 
cos(8 — — y) — usin (8 — 6 — y) 


+4 


cos y’ [sin (8 + @) — u cos (8 + @)]} 
cos (8 + @— y) — usin (8 +0 — 7) 


+ AW. . 


For the horizontal components per axle assembly 
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H = F + N{cos (8 — 6) — usin (8 — 6)] — N’ [eos (8 + 8) 
+ u’ sin (8 + 6)].... [65] 


Therefore 


cos (8 — — y) — usin (8 —6— 
___cos [cos (8 + 8) + usin (8 + (66 ] 
cos (8 + 6— y) —usin (8+ 


On the basis of an actual car truck with 300 per cent braking, 
the critical condition corresponded to a speed of roughly 65 mph, 
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Fig. 6 Forces Usep tn CatcuLaTInG ‘‘MomENT INDEX” 


below which point the braking ratio was decreased. The increase 
in journal load due to weight transfer amounted to roughly 
10 per cent while the increase due to the brake-shoe upward 
thrust amounted to roughly 40 per cent of the static load, re- 
sulting in the springs coming solid with additional impact loading. 


Stress-INDEX Metuop‘ 


A very simple formula for proportioning the critical section 
at the wheel seat of an axle has been devised by B. 8. Cain of 
the General Electric Company. The method is empirical so 
that suitable stress indexes must be used, depending upon 
such factors as the application of the axle and conditions of 
service. A very important feature of the method is that the 
effect of speed is allowed for by decreasing the index stresses. 
The quotient representing the “moment index’’ divided by the 
section modulus is called the “stress index.’’ This is not the 
true stress since no pretense is made to simulate actual loadings, 
nor to take into account stress-concentration factors, but with a 
given “moment index,” suitable stress indices are used which 
will give correct proportions consistent with statistical data 
on observed failures of axles for a given class of axles and serv- 
ice. In this way all factors can be taken into account very 
simply through the stress index. While the primary applica- 
tion of the formula is for A.E.R.E.A. motor axles, it can be 
extended to all axles with suitable adjustment of “stress indices.” 

The journal load is divided into two components: (1) The 
vertical component P equal to the actual journal load, and (2) 
a longitudinal component 0.5 W to allow for traction and braking 
loads, where W is the rail wheel load. The reaction at the 
wheel tread is also divided into the vertical supporting reaction 
W and a lateral component W, which is resisted by the lateral 
reaction along the center line of the axle.‘ 

Referring to Fig. 6, the ‘moment index’’ is 


M, =C VP? + (W*/4) + WR........... [67] 


‘ Fig. 6 should be regarded only as an index-loading diagram. 
For equilibrium, obviously, the static rail wheel load W is increased, 
due to the moment of the lateral loading W and a bending moment 
and vertical shear force which should appear at the cut section. 
The vertical component of the rail reaction does not affect the 
moment at the wheel-seat center. 
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where C = distance from the center line of the journal to the 
center line of rail pressure, in.; and R = wheel radius, in. 
The first term represents the resultant moment due to journal 
loads and the second term represents the resultant moment due 
to lateral bending. The small difference in the planes of action 
of these moments is neglected for simplification of the formula. 

Stress Index = f, = M,/Z, where Z = section modulus of 
the axle at the wheel seat. 


Desicn Loapincs oN Car AXLES 
The loadings on axles may be regarded as the superposition 
of four types of loadings: (1) The normal vertical loadings, 
(2) a superimposed vertical surge loading, (3) a superimposed 
loading due to roll and (4) a superimposed loading due to 
lateral] forces. On combining these loadings we obtain the 
resultant loading on the axle, as shown in Fig. 7. 
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LOADING ON AN AXLE 


Considering Fig. 7a, the normal journal and wheel loads 
at the rail are J and W, where W — J = w/2 = the dead axle 
and wheel load. Fig. 7b shows the vertical surge loading, where 
k, is the percentage allowance for vertical surge. Fig. 7¢ shows 
the increased loadings due to roll, resulting in an increased 
journal loading by kz per cent. The corresponding rail changes 
in load are kpJ(L/G) where L is the distance between the journal 
centers and G is the track gage. Fig. 7d shows the increased 
loadings due to lateral surge loadings with k, per cent of the 
wheel load as lateral, resulting in changes in rail loadings by 
k,W(r/G). 


ae wy 
| 
by 
he = hy J 
a 
|_| ky WwW 
WwW WwW 
(6) Veenicar Sveae 
: 
fc 
3 
; 
: 
ite 
4 


RR-60-1 EKSERGIAN—DESIGN OF RAILWAY AXLES AND LOCOMOTIVE CRANK PINS 


In the resultant loading diagram, Fig. 7e, the journal load on 
the heavy side is kj,J where kj, = k, + kp + 1, and at the 
wheel is where kn, = k, + kp(L/G)(J/W) + k,(r/@) + 1 
and the lateral reaction is k,W. On the light side kj. = k, — kp 
and kn; = k, — kp(L/G)(J/W) — k,(r/G) + 1. 

The various k’s may be considered as the dynamic-loading 
coefficients of the axle.’ As the speed increases, the vertical 
surge coefficient k,, the roll surge kp and the lateral surge k, 
all increase with speed, though not at the same rate of increase, 
which result in increased bending moments on the axle. 

It will be noted that normal and vertical surge loadings 
result in symmetrical bending-moment diagrams on the axle. 
On the other hand, the roll and lateral surge result in con- 
siderable augmentation of bending at the wheel fit on the heavy 
side with decreasing bending at the center portion of the axle. 
For this reason alone center sections can be made of smaller 
dimensions than at the wheel-fit region. Moreover, the effect 
of increased speed results in greater augmentation of bending 
at the wheel fit. 

In order to understand the value of these coefficients, it is 
necessary first to review the history of axle design by the Reu- 
leaux method. In the application of the Reuleaux method in 
the Master Car Builders’ report of 1896, practically the over- 
turning lateral load at the center of gravity of 72 in. was taken, 
resulting in 40 per cent lateral loading. The loading on the 
axle was taken as the dynamic vertical loading, which increased 
the vertical statical loading by 26 per cent for allowance for 
vertical surge. On this basis, stresses in axles at the wheel 
seat were allowed to reach values as high as 23,000 lb per sq 
in. Later, such stresses were lowered to around 20,000 Ib per 
sq in., including allowance for vertical surge. With axles de- 
signed on this basis, failures were practically eliminated for 
speeds averaging possibly around 50 mph. 

Based on more modern knowledge of the true stress condi- 
tions, particularly at the wheel fit due to press-fit conditions, 
the stress is known to be lowered to roughly 50 per cent of the 
endurance limit of a straight part of the axle, that is to around 
14,000 to 16,000 lb per sq in. On this basis, therefore, it is 
evident that the true average loading conditions were con- 
siderably overestimated, particularly from considerations as to 
statistical maximum loadings for estimating the fatigue proper- 
ties of the axle. 

Variation of Loading Coefficients With Speed. In general, the 
loading coefficients for vertical surge k,, for roll kz, and for 
lateral loading k, all increase with speed, but with different 
rates and not necessarily simultaneously. Therefore, in general, 
k; = 1+ k, + kp for the journal load, k, = 1 + ky + ke 
(L/G)(J/W) + k,(r/G) for the wheel load, and k, for the lateral 
loads also increase with the speed, but their laws of variation 
are difficult to appraise without an extensive experimental 
program. Further consideration is given this subject in Part 2 
of this paper. 

However, at high speeds in the neighborhood of from 90 to 
100 mph it is more reasonable to assume that the loading pro- 
portions by the Reuleaux method are more nearly the average 
loading conditions, even with the application of the lateral 
force at center-of-gravity heights at the lower values in modern 
equipment, namely, from 56 to 60 in. above the rail. 

From tests on modern equipment at high speeds it has been 
found that the average lateral, roll and surge loadings do not 
exceed those indicated by the Reuleaux method with 40 per cent of 
the dynamic loading which includes a 26 per cent allowance for 
vertical surge. Occasional overloads may exceed these values 
but they are not average loadings for fatigue limitations. 


*A portion of the dynamic-lateral-loading coefficient is required 
for overcoming friction forces at the wheel base. 
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Index-Loading Method. Since the Reuleaux method with 40 
per cent of the dynamic load at lowered center-of-gravity heights 
gives a reasonable maximum loading for axles on high-speed 
cars, this loading is used for evaluating the coefficients for roll, 
surge, and the lateral coefficients previously discussed. 

The loading coefficients are all calculated on the rail wheel 
load W. Journal loadings are 1.75W and 0.75W on the heavy 
and _ light sides, the sum of which corresponds to a 25 per cent 
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36-IN. WHEELS, JoURNAL CENTERS Spaced 77 In. 


vertical surge on the total axle loading. The lateral loading 
is equal to W, i.e., to 1.25 X 0.4 X 2W. On the basis of a 
mean value for journal centers of 77 in. and a wheel diameter 
36 in., a bending moment diagram has been constructed in 
terms of the wheel load, and is shown in Fig. 8. The bending 
moment is 20.4W at the center of axle, 30.7W at the inside 
fillet, 31.5W at wheel fit, 12.2W at the dust-guard fillet, and 
8.8W at the journal fillet. 

The bending moment diagram is strictly applicable to a 
5'/2 X 10-in. standard A.A.R. axle, but gives a fair degree of 
accuracy when used on either a 5 X 9-in. ora 6 X 11-in. axle. 

In the loading system it is to be noted that the allowance 
for vertical surge is k, = 0.25, or an increase of journal loading 
by 25 per cent. The allowance for roll is kp = 0.50 or an in- 
crease of journal loading by 50 per cent. Therefore, the total 
journal loading is k;s5W = (1 + k, + kg)W = 1.75W, that is 
k; = 1.75. The lateral coefficient is k, = 1. 

The foregoing loading coefficients can be taken for outside 
journals in high-speed service. With small variations in journal 
centers and wheel diameters, consistency of the bending moment 
diagram is obtained by calculating the rail pressures from the 
coefficients, kn, = 1 + k, + kp(L/G) + k,(r/G) and ka, = 
1 + k, — kp(L/G) — k,(r/G), where L = journal centers, G = 
track gage and r = wheel radius. 

In the case of large variation of journal centers, the journal 
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loads may either be increased or decreased, depending upon 
whether the journal centers are close together or far apart from 
k,, the foregoing optimum value. In this case in the final analysis, 
we are concerned with limiting changes in rail pressure. Re- 
garding the limiting rail pressure to be 88 per cent of the total 
dynamic axle loading on the heavy side and 12 per cent on the 
light side, then, since the dynamic axle loading is 2(1 + k,)W, 
the limiting rail pressure is 1.76(1 + k,)W. Therefore 


1.76(1 + k,) = kn, = 1 + ky + kp(L/G) + k,(r/G). . [68] 
or 
0.76(1 + k,) = ka(L/G) + k,(r/G) 


With k, = 0.25 and k, = 1 for high-speed service, the limiting 
roll coefficient, with G = 59 in., is 


0.95G — 
kp = 


56 —r 
L (70) 

In conclusion, the foregoing coefficients and the index-loading 
diagram are regarded as maximum loading conditions for high- 
speed service, i.e., for speeds around 90 to 100 mph. With 
lowered speeds, the coefficients are reduced. The dynamic 
loadings increase with the speed, so that at lower speeds, the 
loading coefficients are reduced. 

The proposed loading coefficients are only tentative. An 
extensive experimental program should be encouraged for ob- 
taining statistical data for more accurate knowledge of axle 
loadings at various speeds. 

Limiting Stresses. For high-speed service, on the basis of the 
index-loading method, conservative stresses are suggested at a 
limiting value of 14,000 Ib per sq in. at the inside wheel-fit 
section, while stresses at the center of the axle should not 
exceed 16,000 lb per sq in. in order to prevent excessive tapering 
of the axle, as well as to allow for pulley mountings at the center. 
Experience shows, however, that somewhat higher stresses can 
be used with safety. The stresses indicated are to be regarded 
only as index stresses consistent with the proposed loading 
method. 

Ratings of Standard A.A.R. Axles for High-Speed Service. 
On the basis of the foregoing limitations, it is proposed to limit the 
ratings of standard A.A.R. axles to 70 per cent, with a tolerance 
not exceeding 75 per cent of their present ratings when used in 
high-speed service, i.e., for speeds exceeding 90 mph. These 
ratings are based on journal loads. 

For lower speeds, a simple relation for the rating of an axle 
can be obtained by fixing the rating relative to journal loads 
at 100 mph at 75 per cent and the rating with full or 100 per 
cent loading at 60 mph. Assuming the loadings to increase 
linearly with the speed, then, if W = rating of a standard A.A.R. 
axle, its rating R at any speed in miles per hour is 


W 2) WwW 
R = — | 190 — = (187-5 0.625 V). . [71] 


100 


It is preferable to state the rating of axles on the rail axle 
loading. In this case rail axle loads at 90 mph and over should 
be limited to 75 per cent with a tolerance not exceeding 80 per 
cent of the journal ratings of present standard A.A.R. axles. 

Modification of Present Standard A.A.R. Axles for Higher 
Ratings. Since the inside wheel fit section is the critical section 
of the axle, the ratings of standard A.A.R. axles for high-speed 
service can be increased by increasing the diameter of the wheel 
seat. Thus, with a 5'/2 X 10-in. axle, an increased wheel fit 
diameter from 7 in. to 7'/, in. permits the rail axle loading to be 
increased to approximately 85 per cent of the present standard 
journal rating, with some additional tolerance in favorable 
operating conditions. 
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There are two limitations in this procedure: (1) The outside 
diameter of the wheel hub at the ends of the fit should not be 
decreased to less than 1.38 the axle diameter. (2) The journal 
loads themselves are limited in high speed service to a per- 
centage of the standard ratings. 

Bearing loads, with oil bearings, in high-speed service, should 
be reduced in their ratings due to increased speeds. On the 
basis of limiting heating value, these ratings should be in the same 
order as the reduction of loadings for stress conditions, that is, 
approximately 75 to 80 per cent of standard A.A.R. journal loads. 


Press Fit STRESSES AT THE WHEEL SEAT 


The press fit part of an axle is subjected to a compound stress 
condition consisting of the following components: 

1 A radial gripping pressure which may be intensified at the 
ends of the fit. 

2 A tangential hoop compression resulting from the press-fit 
pressures. 

3 An alternating bending stress which is intensified at the 
ends of the fit and changes from tension to compression and 
vice versa in the rotation of the axle. 

The radial gripping pressure and corresponding hoop com- 
pression are also effected by lateral moments on the wheel 
which must be balanced by a redistribution of the gripping 
pressures. The pinching action, due to lateral moments, may 
result in considerable augmentation of the gripping pressure 
at the ends of the fit. For this reason the length of the wheel 
seat is important to consider in axle design. 

1 Radial Gripping Pressure—Fig. 9. For a solid axle the 
mean radial gripping pressure in pounds per square inch for steel 


on steel, is 
kz — 1 6 
= | ——-] E................. [72 
si ( 2k? d 


where k = (outer diameter of hub) /(shaft diameter), 6/d = the 
allowance per inch of diameter of the axle at the fit, and E = 
modulus of elasticity = 30 X 106 lb per sq in. 


Fic. 9 Stress CONCENTRATIONS FOR RapIaL GRIPPING PRESSURES, 
AND BENDING STRESS RESULTING FROM Press Fits 


For a hollow-bored axle, for steel on steel, the mean radial 
gripping pressure is 


1—k’ 


where k = (outer diameter of hub)/(shaft diameter) and k’ = 
(hollow-bore diameter) /(shaft diameter). Fig. 9 shows radial 


4 
4 
: 
[73] 
| 


RR-60- 1 EKSERGIAN 


Fic. 10 


gripping pressures for both"solid and hollow-bored axles. With 
hollow bored axles, holes are given for 37.5 per cent and 50 per 
cent of the outside diameter of the axle at the fit. With even 
a 50 per cent hole it is to be noted that the gripping pressure is 
only reduced slightly. 

A very important feature in maintaining adequate gripping 
pressures is that the ratio of the outside to the inside diameter 
of the hub, i.e., the value k, be limited to not less than 1.4 to 1.6 of 
the shaft diameter. With varying outer contour of the hub the 
mean gripping pressure should be estimated. It should also 
be noted that beyond from k = 2 to 2.5, little gain on gripping 
pressures is obtained. Moreover, with very large ratios of outside 
to inside diameters, such as web reenforcement of the wheel, a 
value of k = 3 is sufficient for practical calculations. 

The value of the gripping pressure is dependent mainly on 
the allowance. Due to imperfections and possible lack of con- 
centricity between the hub and axle, the actual gripping pressure 
is always difficult to estimate with any degree of precision. 
It is also influenced by the nature of the surface finish at the 
fit. 

The object of adequate gripping pressures at the fit is to 
maintain sufficient lateral tonnage on the axle. Obviously, the 


tonnage 
u(Prmean) rdL 
T 2000 (74] 
where » = coefficient of friction and L = length of the fit. 
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VARIATIONS FOR Souip aND HoL_iow-BoreD SHAFTS 


From an extensive survey of the literature as well as based on 
data of his own, Baugher, as quoted by Peterson and Wahl,* 
suggested a value of the coefficient of friction in the neighborhood 
of » = 0.15. Obviously, the actual values of gripping pressures, 
friction coefficients, and tonnage are greatly dependent on many 
variables, including the condition of the surface and the con- 
centricity of the fitted parts, with a given allowance. 

In the transition zone from the inside part of the fit to sections 
for the plain axle beyond the fit, we have in effect a condition 
similar to a large change in section. At the end of the fit this 
condition results in an increase of gripping, i.e., a pinching 
action at the ends of the fit, as shown in Fig. 10. This rise in 
radial pressure at the ends may be regarded as a gripping pressure 
concentration = kgog where og is the mean gripping pressure 
well within the fit. 

The nature of the bending moments applied to the axle on 
either side of the fit influence the end-pressure concentration 
with relief on one side and increase on the other. 

When the wheel center is subjected to lateral bending, there must 
be a change in the distribution of normal pressure at the fit. 
Also, due to the vertical supporting load on the wheel, the lower 
part of the fit pressures must increase while the upper part re- 
duces. The combination of the vertical and lateral reaction 
on the wheel center results in a direct pressure P/Ld and a bend- 

6 ‘Fatigue of Shafts at Fitted Members With a Related Photo- 


elastic Analysis,” by R. E. Peterson and A. M. Wahl, Journal of 
Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, p. A-1. 
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ing pressure distribution given by 6M/L*d. Therefore, the 
change in pressure distribution of the gripping pressures is given 
approximately by the expression (1/Ld)[P + (6M/L)], with 
additional pressure concentrations, at the ends of the fit. 

The simple addition of the bending load pressures is open 
to objection since the change in distribution of pressure may 
cause the radial gripping pressure itself to change, particularly 
since local plastic deformation is likely to occur. 

Obviously, with press fits subjected to heavy lateral loading, 
every effort should be made to increase the length of fit L. 

When an axle itself is subjected to bending moments on 
either side of the fit, the axle floats on an elastic foundation 
within the fit so that additional changes in the radial pressures 
can be expected. With this tendency of the axle to hang down- 
ward at the ends, the gripping pressures at the bottom ends are 
increased and at the upper ends they are reduced, while the 
pressures at the center upper portion are increased and those 
at center lower portion are reduced. 

With heavy press-fit pressures, the changes due to the fore- 
going conditions have less effect and the end pressures, in general, 
are intensified. 

2 Tangential Hoop Compression. The tangential hoop 
compression may be considered as one of the principal stresses. 
Peterson and Wahl* assumed that this stress does not vary 
appreciably in the rotation of the shaft. The effect of this 
stress in the stress range of the maximum difference of principal 
stresses in the rotation of the shaft can be neglected. 

8 Alternating Stresses Due to Bending. Due to the bending 
moments impressed on the axle which maintain a constant value, 
alternating bending stresses result due to the rotation of the 
axle itself. 

The bending stresses are intensified at the ends of the fit 
due to stress concentration arising in the transition zone in 
passing from the press-fit zone to a simple section of the plain 
axle just beyond the fit. Thus, the rise in tension and com- 
pression, due to bending at the ends of the fit, may be regarded 
as a bending stress concentration = kgo, where o, is the nominal 
maximum bending fiber stress and kg is the bending concentra- 
tion factor at the ends of the fit. Maximum stresses occur at 
the inside end of the fit since maximum bending moments occur 
at this section. 

The principal stresses just inside the wheel fit are the radial 
compression kpop, the tangential hoop stress k,o, and the bending 
axial stress kgog. These stresses vary during the rotation of 
the axle. 

On the basis that fatigue fractures are initiated on the planes of 
maximum shear stress, the variation of shear stresses are only 
considered. The relation of limiting shear stresses to simple 
tension stresses will be considered at 0.57 of the endurance limit of 
direct tension and compression values. 

It is well known that the maximum shear stress in compound 
stress analysis equals the greatest difference of the principal 
stresses which is readily shown graphically in the Mohr diagram. 

During the rotation of the axle, the plane of maximum shear 
stress also varies. Peterson and Wahl* have shown that a 
sufficient approximation is the assumption that where fatigue 
failures occur, the shear plane for worst conditions can be taken 
at 45 deg to either the radial or axial direction. On this basis 
and on their assumption that the varidtion of the tangential 
hoop compression does not change appreciably during bending, 
the ranges of stress to be considered are only those corresponding 
to the shear components of the radial compression and bending 
stresses. 

The range of the shear stress variation in the rotation of an 
axle is — o2)max — (0; — o2)min Where = keog and = 
—kpop at maximum axial tension, and o; = —k’go, and o; = 
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—k'pop at maximum axial compression, so that the range in 
shear stress is [kpop + + [k' pop k’ por). 
In like manner, the mean value of the shear stress range 


(o, — 02)max + (a, 02) min 
9) 


1 
+ 


+ (k’pop — — . [75} 


Now actually k’, and kg as well as kg and k’, may differ con- 
siderably. If, however, it is assumed roughly that kpop is of the 
same order as k’po and likewise for kgog and k’ga,, then the 
range of stress is kgog + k’zo, and the mean stress is }(kpog + 
k' pop). 

For this reason, in a rough approximation, the range of stress 
depends essentially on the range in bending stress variation, 
while the mean stress depends essentially on the radial gripping 
pressure. The stress-concentration conditions at the fit in- 
tensify both types of stresses. 

It is well known that the endurance range is redueed when 
the stress variation oscillates on a high mean stress. It would 
therefore be expected that heavy press-fit pressures are con- 
ducive to lowered stress range and that conditions are aggra- 
vated by the higher stress concentrations resulting from such 
fits. On the other hand, Peterson and Wahl point out that light 
press fits also reduce the endurance range due in this case to 
rubbing corrosion. The reduction in endurance range in this 
case is due to a localized stress condition weakened by rubbing 
corrosion. While the endurance range for this case is less than 
with heavy press fits, considerable weakening of the axle still 
exists. 

In Fig. 10 is shown the nature of stress concentrations for the 
radial gripping pressures and the bending stresses, without effect 
of lateral loading which would further increase stress concentra- 
tions. Due to the supporting reaction of the wheel, and the 
bending action within the axle caused by the journal load P, 
the press-fit stresses are increased at the lower half and de- 
creased at the upper part. At the ends of the fit these pres- 
sures are increased and are further accentuated by the bending 
of the axle which increases the pressures at the ends in the 
lower half and relieves the pressures at the top ends. The 
bending stresses are also increased at the ends of the fit. The 
stress concentration for the compression side is shown greater 
than for the tension side. 

Isolating a triangular portion at the ends of the fit and project- 
ing the radial and bending stresses kpog and kgog along the shear 
plane, the shear components at the top and bottom are ogs + 
ops and o’ps — o'gs, respectively, so that the range of stress 
is (op5 + — — o'gs) and the mean stress is 

(oJ). = (ors + + ORs — (76) 

The reduction in the range of stress with the superimposed 
mean stress is shown in the lower right-hand figure. 

With ordinary press-fitted members it has been found that 
the endurance limit is reduced to roughly one half of the plain 
portion of the shaft. This was observed by several laboratories. 
The reduction in strength with large press-fitted axle members 
has recently been investigated by the Timken Roller Bearing 
Company.” 

Peterson and Wahl® observed that with light press-fit pres- 
sures, the action of rubbing corrosion occurs, thus resulting 
in endurance limits only slightly higher than with heavy press- 
fitted members. 


7**Modern Locomotive and Axle Testing Equipment,’’ by T. V. 
Buckwalter, O. J. Horger, and W. C. Sanders, Trans. A.S.M.E., vol. 
59, April, 1937, paper RR-59-2, pp. 225-238. 
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With heavy press-fitted members, German laboratories ob- 
served that beyond a critical pressure, the endurance strength 
becomes independent of the gripping pressures. 


CONCLUSIONS ON DEsIGN OF AXLES 


In the design of an axle it is important to recapitulate the 
following factors that should be considered: 

1 At the wheel seat, the press fit inside the wheel hub lowers 
the endurance stress to roughly 50 per cent of a corresponding 
plain axle without a press fit. The unfavorable conditions are 
improved by (a) a raised wheel seat or pad, (b) stress-relieving 
groove at the inside hub face and (c) by cold working the sur- 
face of the axle at the wheel seat. Incorporating these factors 
permits considerably higher stresses. 

2 The length of wheel fit should always be considered. Heavy 
lateral loadings at the flanges result in a considerable part of the 
bending moment being transmitted by the press fit, resulting 
in augmentation of the radial press-fit pressure at the ends, 
with a corresponding increase in the stress range. A reasonable 
long wheel fit should be maintained wherever possible, thus 
permitting lower gripping pressures for a given tonnage. 

3 Collars on shoulders beyond the press fit should be dis- 
carded and preferably a raised wheel seat without collar should 
be introduced. At all events, if collars are sustained, the fillet 
of the collar should be well clear of the inside face of the wheel 
hub. 

4 With a raised wheel seat, the fillet to the inside portion 

of the axle should have a reasonably large fillet. The fillets to 
collars should likewise have large radii. Stress concentration 
with large fillets adjacent to the inside of wheel fit are of much 
lower order than at the press fit, so that increased stresses to the 
small diameter of the fillet are permissible. 
5 In the design of journals, particularly with roller-bearing 
boxes, care should be given that press-fit sleeves do not run 
into sharp fillets. Most failures in journals can be attributed 
to this cause. Consideration should also be given to lowered 
endurance stresses at the end of press-fitted sleeves. 

6 In estimating allowable stresses at the various sections of 
of the axle, consideration should be given to types of loading. 
The first type is the normal loading, with approximately equal 
loads at journals and allowance for vertical oscillations. Such 
loadings result in an approximately constant bending moment 
between the axles. On the basis of this type of loading, the 
axle should be straight for the inside portion between wheel 
centers. 

The second type of loading accounts for lateral forces and 
rolling moments, with increased journal loads of one side over 
the other and lateral reactions exerted at the boxes and resisted 
by the flanges. This loading is well approximated by the Reuleaux 
method. The maximum bending moment occurs at the wheel 
seat and reduces rapidly toward the center of the axle. The 
bending-moment diagram is roughly a triangular distribution 
across the central portion of the axle. Tapering of the axle 
toward the center is consistent with uniform stress distribution 
for this latter type of loading. With 40 per cent lateral loading 
on a dynamic vertical loading increased by. 26 per cent for vertical 
surge, this loading can be considered an extreme maximum loading 
and an exaggeration of the average lateral and rolling loads 
imposed in ordinary service. 

For this reason proportioning the center of the axle for uni- 
form stress by the Reuleaux method, overemphasizes the taper- 
ing of the axle at the center portion and is inconsistent with a 
uniform stress condition for the normal type of loading. On the 
other hand, the Reuleaux method gives a limiting loading condi- 
tion that must be met for the proper design of the press-fit 
region. 
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Therefore, in proportioning axles when only considering 
limiting stresses by the Reuleaux method, an enlargement of the 
axle at the center is required. This is easily compromised by 
simply lowering the stresses that otherwise would be permitted 
on the basis of a more uniform stress distribution for the center 
portion of the axle under lateral loading only. 

Two additional methods have been proposed—one by B. S. 
Cain of the General Electric Company for proportioning the 
press-fitted portion of the axle and based on suitable index 
stresses and the other by the author on the basis of loading 
coefficients. 

The loading coefficients proposed are based on the loading 
ratios obtained from the Reuleaux method. 


(6) 


LATERAL Impact Forces AcTING on A Car Bopy 


Fra. 11 


Some ideas on limiting stresses have been given. Obviously, 
all stresses in axle design are in the nature of index stresses 
in that they depend upon the method of loading assumed. 
Coordination of laboratory test data can only be obtained 
when the loading assumptions approach more nearly actual 
conditions. For this reason final allowable stresses in high- 
speed-axle design depend upon further experimental verifica- 
tion. 

In this paper tentative ratings of axles have been suggested. 


2—DYNAMIC LOADINGS ON AXLES 


While the Reuleaux method offers an approximate method 
for proportioning axles, it is essentially based on a static loading 
method. 

In the following a study is made of the characteristics of the 
dynamic loads imposed by impact, roll and oscillations on tan- 
gent track, and the effect of elastic couplings and spring sus- 
pensions. Further consideration is given to the position of 
the axle in the wheel base and self-induced vibrations. 

This whole study is based on simplifying assumptions. For 
instance, the periods of oscillation are considerably affected 
by the plays in the system while the amplitudes are greatly 
reduced by friction. 

Any revision of methods for axle proportioning, particularly 
for high-speed axles, requires consideration of such dynamic 
loadings. 


LATERAL Impact Loaps 


Due to lateral oscillations on tangent track, and particularly 
upon entering curves with poor spiral approach, lateral impact 
loadings of high order are frequently imposed on a guiding axle. 

Consider an equivalent mass M, associated with a given guiding 
axle. Due to obliquity of the wheel base in oscillating back and 
fourth between the rails and particularly in striking curves, 
the kinetic energy due to the lateral motion is transformed to 
elastic energy in the impact. Thus if @ is the striking angle due 
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to the obliquity of wheel base with respect to tangent to rail, 
and K is the deformation at the point of impact per unit load, 
then, for a velocity of translation V, the intensity of the lateral 


blow is 
V si 
a \ K 


Thus, the lateral impact increases with speed and the striking 
angle. It is reduced by increased flexibility, effected by such 
devices as lateral-motion boxes. The equivalent mass M, can 
be calculated as follows: 


Referring to Fig. 11 if P; = fy ‘Pat is the impact force, V 
the lateral velocity of the center of gravity, w, = d¢/dt = velocity 
about longitudinal axis, and w, = 6 = velocity about vertical 
axis, then at the end of maximum compression 


—P; = M(v — V sin (78] 
[79] 
[80] 
where V sin a = lateral striking velocity. Therefore 
M(V sin a—v) = = 
which with the kinematic relation 
v—w,h—wol = [82 
gives 
wo, = [83 ] 


~ + + Pk? 
lk,?V sin @ 

w, = + + = BY sin a....... {84 | 
_ + Pk,*)V sina 
+ + Pk? 


Now the elastic energy at the end of the compression period 
is equal to the change of translatory energy minus the rotational 
energy acquired during impact, that is 


1 1 1 
W= 5 M(V? sin? a — v?) — Mk,?w,? — 5 Mk,?w,? ... [86] 
so that 
1 — A%k,? — B*k,? — C? 
W= ( 2 ) aw: sin? a... . [87] 


Substituting for A, B, and C in Equation [87] 


1 / MV? sin? a 1 
kp 
Hence 
M 
= V sine [89 } 


h? 


and for the equivalent mass in impact 


M 90} 
M, = | 
Be 
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When a lateral impact velocity y is communicated to a guiding 
axle, the reduced mass can be calculated from the equations 


JS Pd = M € —lo—h (91) 
h f Pat = @ {92} 

so that, the impact is 
My 


From the expression for equivalent mass, it is evident that 
the equivalent mass and corresponding impact forces are re- 
duced (1) by raising the center of gravity, (2) by placing the 
guiding axle of the wheel base away from the center of gravity, 
(3) by reducing the radius of gyration k, and k,, i.e., bunching 
the masses about the center of gravity. Further, the impact 
force is reduced by lowering the speed and reducing the striking 
angle which amounts to limiting such factors as the lateral 
plays and flange and hub-liner plays. Evidently a long wheel 
base with a leading guiding axle and masses bunched toward 
the center are helpful in reducing lateral impacts on guiding 
axles. Finally, the intensity of blow can be reduced by lateral- 
motion boxes. 

From the aspect of axle design, it is important to note that 
(1) lateral impact loads increase with the speed of the train, 
and (2) lateral impact loads increase with lowered center of 
gravity, and in general with short wheel bases. 


Dynamic Loapines Dur To 


The effect of roll on axle design results in augmenting the 
journal loads over their static values and thereby increases 
the bending moment in the axle. Two types of roll condition 
will be considered: (1) The roll of a vehicle on entering 
curves, and (2) rolling oscillations due to transverse undula- 
tions in the track. The former usually results in the greatest 
rolling moment. 

In the rolling of the spring-supported parts, it is important 
to note a corresponding lateral force must always exist, so that 
lateral thrusts at the rail accompany the change in journal 
loads, further augmenting the bending moment in the axle. 

In a first approximation to the characteristics of the loadings 
during roll, we will consider only an equivalent spring-sup- 
ported weight per axle. 

When a railway vehicle enters a curve, the lateral thrust 
due to centrifugal action is considerably increased due to the 
rolling of the spring-supported parts on the spring suspension 
and a likewise increase of the overturning moment. The 
introduction of well-maintained spirals on the approach to 
curves results in a more gradual applied centrifugal action with 
an approach to a statically applied centrifugal loading. 

Considering the spring-supported parts shown in Fig. 12 let 


M and W = mass and weight of these parts 

h = height of the center of gravity above the journals, 
assuming the center of spring supports at journal 
height 

a = lateral spacing of the springs 

@ = angular displacement of the car body relative to 
the center line of the axles 

K, = equivalent spring constant at the journal centers. 
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Then the journal loads are 


Pp=—+K,-¢ 95] 
(96) 
and 
No Pp... [97] 
The restoring moment produced by the spring system is, 
= K, = Ke.. 
where the restoring moment elastic constant is 
K = K,(a?/2) . 199} 
Further, let 
H = lateral reaction exerted at the journals 
I, = Mk? = moment of inertia about the center of gravity 
I, = M(h? + k?) = moment of inertia about the center line of 
the axle 
d*y v? 
F = —M -* M> = centrifugal force acting on the spring- 


supported parts 
banking angle of the track corresponding to the eleva- 
tion of the outer rail. 


" 


a 


Taking an axis across and normal to track, the coordinates of 
the center of gravity for the spring-supported parts are y cos @ 
+ h @ cos ¢ and —y sin a —- h¢ sin ¢, where y corresponds to the 
lateral displacement of the track as due to curvature, ete. 

Then the equations of motion are 


—H—W sin a = M [jj cos a + h (d*¢/dt?) cos . [100] 
N — W cos a = M [—jsin a — h sin ¢)... [101] 
Hh cos ¢ + Nh sing—, =I, (d*¢/dt?)...... {102] 
On combining Equations [100], [101], and (102) 
2 
+ bY) = — 6, + Whein (6—o) 
ay 
— Ma, cos (@ — a). . [103] 


So that approximately we have 
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1 
M (k? + h?) a + (K — Wh) @ = (F cos a— W sin a) h. . [104] 
dt? 


on noting ¢, = K¢ and F = 
obtain the energy equation 


2 1 
=a + 5 (K — Wh) = S(F cos 


— W sin a) hd + C.... {105} 


—M (d*y/dt?). On integrating, we 


1 
(k? + h’) ( 


When ¢ = ¢; let (d¢/dt) = w; for initial values, then 


Lan | _ wh — 
5 M | (2) Wh) (¢ ¢,?) 
-f (F cos a — W sin a) hd. . {106} 


Relation of Lateral Thrust to the Restoring Moment. From Equa- 
tion [100], the expression for the side thrust is 


H = (F cos a — W sin a) — Mh(d*¢/dt?) (approx.) . . [107] 


On combining with Equation [104], we have 


k2 (K — Wh)h 
H = (F cos a— W sin a) + . . {108} 


where H is the lateral reaction, lb. Thus the lateral thrust in- 
creases linearly with the restoring moment (K — Wh)¢@ and 
with the angle of roll ¢. 

Balanced Speed and Unbalanced Speed Effects With Spiral 
Approach. When the outer rail elevation corresponds to a 
balanced speed around a curve and with proper spiral approach, 
then 


‘ gv? {109} 
ana = WR \ 
Then 
= 0, H = 0,and N = F sin a— W cosa... [110] 


Obviously, we have either an over-speeding or an under-speeding 
condition in general, relative to the optimum balanced speed, and 
particularly for individual axles in a wheel base. With high- 
speed service, the unbalance due to centrifugal forces, results in 
high values for F cos a — W sin a. 

With a spiral approach, the unbalanced lateral force builds up 
until constant curvature is attained. Along the spiral we have a 
relatively complicated expression for the variation of this force 
in the displacement into the curve. In order to obtain some idea 
of the characteristics of the roll and lateral force induced on 
entering the spiral approach to a curve, let us consider a simple- 
harmonic application of the lateral loading. That is 


F cos a— W sin a = Fosinat.......... {111} 


where w = wv/2L, L = length of spiral, » = velocity into the 
curve, and F,; = unbalanced centrifugal loading in the constant 
curvature part of the curve at the end of the spiral, or 


Mv? 


COS ay — W sin ap 


The equation of oscillation, neglecting damping, is 


M (k? + h®) (d*¢/dt*) + (K — Wh) ¢ = Fohsin of. . . [112] 
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Therefore 


+ = sin wt {113] 
0 


where n? = (K — Wh)/M (k? + h?) and], = M(k? + h®), so that 
sin wt 


Ty (n® — 


+ Acosnt + Bsin nt...... {114] 


On the initial entering of curve, t = 0, ¢ = 0 and d¢/dt = 0. 
Therefore, 4 = 0, B = w Foh/nIy (n? — w) and 


. . 
sin wt — - sin nt 
n 


Ip n? — w? 


so that the elastic restoring moment reaction of the springs is 


_ 
— 


and the lateral thrust is 


H = 
m 


At end of the spiral, f; = L/v and we have a change to a constant 
lateral loading Fy. Then 


and 


F 
o= Poh + A’ sin n (t —t) + B’ cos n (t — ht)... [119] 


where the initial conditions for the constant curvature are t = t; = 


L/v, and, 
0 
F L 
dt n?—w? 
where w = mv/2L, from which the constants A’ and B’ can be 


obtained for the oscillation in the constant curvature part of the 
curve. [f 

From these relations the oscillations and loadings increase 
rapidly when n approaches w = wv/L. Ordinarily the period of 
the applied lateral loading in the transition spiral is relatively low 
compared with the natural period of oscillation of roll on the 
spring-supported parts, so that n may be considered large com- 
pared with w. Therefore, the roll gradually increases with the 
applied lateral loading with small free oscillations of roll super- 
imposed. 

Effect of Damping. Friction in the spring system has a power- 
ful effect in rapidly damping out the free oscillation disturbance 
with corresponding reduction in both the spring and lateral 
forces. The equation of oscillation is 
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ap do 
M(k? + h?) a +R it + (K — Wh) ¢ = Fyhsin ot. . [122] 
where now ?, = K@ + R(d¢/dt) is the total restoring moment 
reaction of the springs. The lateral force is determined by the 
relation H = F, — Mh(d*¢/dt*). The equation of roll reduces to 


1 F, 
+ = = sin wl... 123} 
and 
Fohsi — 
+ (A; cos nt + By, sin nit) . . [124] 


To [(n® — + 


where y = r/2 = damping constant, n? = n? — y?, a = 
[rw/(n? — w*)] and n? = (K — Wh)/(M(k? + 

The initial amplitudes of the damped free oscillation are 
determined from the initial displacement and velocity conditions 
at time ¢ = 0. The free oscillations gradually damp out, so 
that at the end of the spiral the superimposed free oscillations 
can be neglected. Moreover, when n is large compared with 
w, little over-riding in the roll will occur in the latter part of the 
spiral, so that the roll approaches its static displacement 


Foh 
 K—Wh 


. (125 ] 


sin wl... 


EFFECT OF SUDDENLY APPLIED LATERAL LOADINGS ON THE ROLL 


In the case of a very short transition spiral, we may approach 
the condition of a suddenly applied centrifugal loading. This 
condition imposes maximum lateral reactions and journal load- 
ings due to centrifugal action. 

The energy equation for the roll, Equation [106] with F cos a — 
W sin @ assumed constant, and with zero initial values for the 
angle and velocity of roll, is 


2 
+ 1/; (K — Wh) = (F 008 a 


— W sin a) ho... . [126] 


M(k* + h?) ( 


At maximum roll (d¢/dt) = 0, where ¢ = ¢max 80 that 
1/,(K — Wh) = (F cos a — W sin a) homax. . . [127] 


Therefore 
2(F cos a — W sin a)h 
(K — Wh) 


Pmax = 


Hence, the maximum moment reaction on the springs approxi- 
mately is 


2K (F cos a— W sin ah 
(K — Wh) 
Thus, the moment reaction on the spring system is double that 
of the moment of the balanced centrifugal loading. 


On the other hand the equivalent lateral reaction from Equa- 
tion [108] is, after substituting for dmax 


= 2(F cosa—Wsin a)h. . [129] 


h? 
H = (F cos a — W sin a) ¢ + 


approximately. From this we note the balanced centrifugal 
loading is considerably augmented. 


LATERAL OSCILLATIONS? 
Two types of oscillations are likely to occur on tangent track: 


8 See discussion on “Rigid Wheel Base,’ relative to motion of 
wheelbase. 


3 
sin nt 
= K — | |........ [116 
n? — — 
4L* 
@ = — sin wl 
dt? Iy 
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(1) Period disturbances due to rail joints and depressions due to 
rail connections, and (2) transient disturbances due to irregu- 
larities in the track. In this case we will consider the mass 
of the spring-borne parts as M and the mass of the parts not 
spring supported as m. Let S be the mutual lateral interaction 
between these parts, Cé@ be the restoring torque reaction of the 
springs, I = Mk? be the moment of inertia of the spring-borne 
parts about their center of gravity and h, be height of the spring- 
borne parts about center of rotation assumed roughly at the 
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center line of the axle. 
against wheel flange. 

Then, on the basis of a lateral disturbance y, the equations of 
motion are 


Finally, let H be lateral thrust of rail 


{131 ] 
16 = Sh, — (C — Mgh,)@....... [133] 
Therefore 
(I + Mh,*)6 + (C — Mgh,)@ = —Mh,y. [134] 
Assume a periodic lateral disturbance 
y= Asinot........ [135] 
Where w = (2x/\) V, then 
M(h,? + k?)6 + (C — Mgh,)0 = w*Mh,A sin ot... . [136] 
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h, A 3in wt . 
a= — +e {137 


where n? = (C — Mgh)/(M(h,? + k?)]. 
Therefore the lateral thrust at the rail is 
H = 


(m + M) 


9 
sin — Vt... . [138] 


h,? M 


At very low speeds 27rV/a is less than the natural frequency of 
roll. As the speed increases 2xV/\ becomes greater than n. In 
passing through the critical speed n = 2xV/ad large oscillations 
would result if it were not for damping. Also the importance 
of forced resonance oscillations are reduced by rapidly accelerat- 
ing the train through the critical speed. When the train reaches 
a high speed, the first term becomes of major importance and the 
lateral thrust increases as the square of the speed. Since n at 
the higher speeds is small compared with 2xV/k, the effect of 
roll is to reduce greatly the lateral thrust. In fact, we approach 
the condition with very flexible spring supports, wherein the 
loadings only depend on the non-spring-supported masses such 
as the dead axle masses of the axle assembly. The lateral load- 
ing then depends only on these masses, increasing with the square 
of the speed and the amplitude of the forced disturbance. From 
this we can conclude that it is important to maintain ample 
flexibility in the spring system consistent with reasonable roll, 
and to decrease the non-spring-supported parts to a minimum. 

For transient disturbances, let 4 = the amplitude of the dis- 
turbance and let 


A 
y= 


where w = 2xV/\. The equation of oscillation is 


M(h,? + k*)6 + (C — Mgh)@ = —Mh, (A/2)w* cos wt. . [140] 


and 
h, A cos wt 


2(h,? + k?) (: 


when t = 0,y = =Oand#@=6=0. Therefore 
h, A 


+) (: -2) 
w? 


and the lateral thrust is 


+ Beosnt + Csin nt.. {141] 


(cos wt — cos nt) ... [142] 


= — 7 1 (m + 
2rVi 
4n2V2 


In this case, also, at the lower speeds when n approaches the 
value of 2+V/X, the second term may be of considerable impor- 


w? 
/ 
| 
2 
(1 — coe wl) .............. [139] 
| 
mg | H 
ay 
Bis 
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tance. Actually, the free oscillations are rapidly damped out 
after the beginning, in ordinary spring suspensions. At the 
higher speeds, n is small compared with 27V/\ and with the free 
oscillations damped out, the lateral force is greatly reduced. 
With a high center of gravity, the lateral reaction reduces to 
practically the lateral inertia loading of the non-spring-borne 
parts. 

It should be noted that for either forced or transient dis- 
turbances, the dynamic part of the lateral forces in general in- 
creases as the square of the speed with superimposed additional 
loadings depending upon the relation of the natural frequency of 
the system to the disturbing frequency. 

Vertical uneveness of the track, due to such factors as depres- 
sions at rail joints, result in angular deflections crosswise to the 
track. Such cross angular depressions result in either periodic or 
transient rolling of the car body, which not only cause changes in 
journal and rail loadings, but induce corresponding lateral reac- 
tions at the rail. For this case the equations of motion are 


M(y =—S............... [144] 
16 = Sh, — C(6 — 6) + Mgh,@.......... [146] 


Therefore 
(I + Mh,?)6 + (C — Mgh,)@ = C0) — Mh, 7j..... [147] 


With periodic disturbances, assume 6 = B sin (wit — a) and 
y = Asin wet where = and = (27/d2)V. 
Therefore 

& B sin (at a) 


6= 


h, A sin 


M(h? + k?) 


from which H can be calculated from 


H = (m+ M) 9 + Mh,6............. {149 ] 


Thus, either periodic or transient disturbances may result in 
large lateral reactions, particularly when the periods of the dis- 
turbances slightly differ and beating phenomena occur. 


EFFECT OF FLEXIBLE LATERAL DEVICES 


A considerable reduction in lateral reactions are effected by 
lateral devices in trucks such as lateral spring systems, swing 
hangers supporting the bolster, and other forms of lateral flexi- 
ble couplings. 

With an ordinary lateral swing-link bolster truck, Fig. 13, the 
lateral restraint of the swing links due to vertical loading is ap- 
proximately 


where W = center pin or bolster load, | = length of hangers, do = 
initial displacement outward at bottom of links, y2 = lateral dis- 
placement of bolster, and y; = lateral displacement of truck. 
Then the lateral restraint is S = Ciz (v2 — y:) where Cn = W/l. 

The equivalent lateral-spring couple exerted between the 
car body and truck can be readily estimated by applying a lateral 
torque & to the spring system. In this case we neglect the local 
inertias of the truck parts as far as angular roll is concerned. 
Then 


4 (151] 
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Therefore 


C,C.a°L? 
Cy = 


6 2C.L?+C,a 


Let us now consider the lateral oscillations of an equivalent 
system shown in Fig. 13. 


Let M2: = mass of car body per truck axle 
m, = mass of truck per axle 
Ce = elastic restoring momert constant per axle 
h, = height of the center of gravity of the car body from the 
center oscillation assumed at the center of the spring 
system or practically at the axle height 
k = radius of gyration of car body about the center of 


gravity 
C2 = lateral spring constant 
y2 = lateral displacement of the bolster 
y: = lateral displacement of the truck 
H = lateral reaction exerted at the rail 


Now y; will be considered to vary either as a periodic lateral dis- 
turbance or some transient disturbance. 
The equations of motion are approximately 


M2(ij2 + h,6) Ci2(y2 [153 } 
= — (Co — Magh,)0 + Ci(y2 — wh,.... [154] 


On combining 
+ (h,? + k)6 + (Co Magh,)@ [156] 
+ Crys + = {157} 


Let K = Co — Mgh, = rolling moment coefficient. For a 
periodic disturbance, let y, = A sin wt, where w = 24V/). 
Also, let © and Y; be the corresponding amplitudes for the co- 


ordinates @ and yz. Then 


(Cis — — w*MhO = Cyd 
— w*Mh, + [K — + 0 =0..... (158) 


The amplitudes of the periodic disturbance are 


Ci. (K — w*M,(h,? + k*)] A 
— w?M2) [K — (h,? + k*)] — 


Mah, A 


Y2 


6 Oe 160) 
(C12 — w*M2) [K — w?M2(h,? + k*) | — 

The lateral thrust on the axle is 


Therefore 


w?m 


The frequency equation for free oscillations is 
h.2 
"(hy +) 
where n,? = and ng? = K/M:z (h,? + k*?) = (Ce — 
Mugh) /M,(h,? + k?), from which the natural frequencies m and ms 
can be computed. 
eThe frequency equation can also be written 
(Cig — w?M2) [(K — w?M2) (h,? + k*)} — = 


(Cu — w*M,) + 
X (A sin wt)... . [162] 


H= 


(my? — (ng? — — 


9 
Sa 
a 
: 
[ 
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where n, and m are the natural frequencies previously mentioned, 
Therefore, the dynamic lateral loading with a periodic disturb- 
ance is 


4n*V? n,? 
H = A m + M, ae 
h,? — (h,? + k?) 
w? 
x sin — t.... [165] 
where w = 2xV/A = forced periodicity of the disturbance, 
p 


nm, = (Cix/M2) = natural frequency of lateral spring system 
acting alone, np = Vv (Ce — M,h)/M(h,? + k*) = natural fre- 
quency of roll acting alone, n; and n; are the natural frequency of 
the system, (as effected by the inertia coupling coefficient M,h,), 
V = speed of the train, and \ = wave length of periodic disturb- 
ance. 

From this relation we note the following: 

The dynamic loading increases in general with the speed but 
for the spring-supported parts is directly decreased by increasing 
the flexibility of the lateral spring system which lowers n,? = 
Ci:/M;3. Further lowering of the lateral reaction is effected by 
raising the center of gravity and reducing the frequency of roll. 
On the other hand, the lateral loading is intensified in passing 
through the eritical speeds corresponding to mn and mz, one at a 
relatively low speed and the other at a much higher speed. The 
importance of these latter resonance conditions is greatly miti- 
gated by ample damping as well as by passing through such criti- 
cal speeds with reasonable acceleration. 


VERTICAL OSCILLATIONS 


The characteristics of vertical surge can be shown on the basis 
of an axle supporting a spring-borne mass. Let M be the spring- 
borne mass, m be the dead axle mass, z; and 2 be displace- 
ments of M and m from their equilibrium positions, and let Cy, 
be the spring constant. Let the disturbance have the form 

2, = (h/2) (1 — cos wl).............. {166} 
where w = 


If R is the dynamic loading, then 
mi, = R— 22) [167 


Therefore 
2h 
= = (169) 
and 
h 2h 3 wt 
z2=-+ + A cos nt + B cos nt.... [170] 
2 2 w?— 


When z, = 0, ¢ = 0, and 2 = 0 
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Therefore 
R= mz, + Cir (2; — Ze)... 


wh _ h [cos nt — cos wt 
m cos wl + C2 - 


2 2 ( n? 


where w = 21V/A, V = velocity, and \ = wave length. 

With flexible spring systems, n is small compared with o; 
also, Cig is small. The dynamic loading on the axle is therefore 
primarily effected by the non-spring-supported weights. With 
flexible springs, the last term varies only slightly so that the 
static journal loadings are very nearly maintained. 

The weight of an ordinary car axle and wheels is in the neigh- 
borhood of 2000 lb. If the total journal load is 30,000 lb, 
then with flexible springs over the boxes, the inertia force for 
the axle itself, due to a track depression, can reach a value of 15g 
before leaving the rail. Moreover, to double the static rail load 
also requires an acceleration of 15g. In other words, at an impact 
acceleration of 15g, the local inertia loading on the axle itself 
is then comparable with the loading on the journals. If the 
axle dead weight can be reduced to 1500 lb, the acceleration for 
the previous conditions can reach a value as high as 20g. 

For this reason it is highly important to maintain a low weight 
ratio of non-spring-supported parts to spring-borne or journal 
loads. 


[173] 


R= . 174} 


EFFECTIVE Mass oF Motor SusPENSION® 


At high speeds the effective mass of the motors increase the 
dynamic loading at the rail and axle. A part of the impact reac- 
tion must be transmitted through the gear and pinion. Let R be 
the reaction between pinion and gear, Q be the reaction between 
motor frame and axle, and P be the rail-impact reaction. 

With impact loadings, the reaction of the suspension spring 
can be neglected. Assume the center of gravity of the motor to 
be at the pinion axis. Also let 


z = coordinate of vertical motion of axle 
y = coordinate of the center of gravity of the motor 
Ay = angle turned by motor frame, clockwise 
Aé@ = angle turned by wheel and gear, clockwise 
Ag = angle turned by motor armature, clockwise 
M = mass of motor including armature, frame and pinion 
gear 
m,k,? = moment of inertia of the armature 
m,k,? = moment of inertia of the motor frame about the pinion 
axis 
m,k,?= moment of inertia of the wheel and gear 
r, = gear radius 


r, = pinion radius 
=1%+T, 
r,/T, = gear ratio 


Then at the tooth contact 


Ay + aA(dy/dt) — 1, Ad = Ay + 7, A(dp/dt)... . [175] 


Therefore 
a A (dy/dt) — r, A6 = r, A(dp/dt)......... {176} 
where 
dy Qa do Rr, . Rr, — FR 
= = Aé= 
mk” me mk? 


Without slipping A 6 = 0, since 6 = w = aconstant. Therefore 


® See F. W. Carter, ‘‘Railway Electric Traction.” 
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The motion of the axle and wheel system is 


maka? 


d Q+R Qa? 
Az y+ad myky? (178] 
but Q + R = P and from Equation [177] 
Therefore 
1 a’r,,? 
180 
Hence, the equivalent mass is 
= - {181] 


M + + m,k;*r,? 


From Equations [177] and [178], assuring an acceleration 
Az = kg, the reactions R and Q can be calculated. Obviously k 
increases with speed, and values from k = 5 tok = 10 are possible. 


OSCILLATION OF SPRING-BORNE Parts WITH SEVERAL AXLES 


While the previous characteristics of axle loading are still 
maintained, the oscillations at individual axles and corresponding 
lateral and journal loadings are affected by the various coupling 
reactions introduced by a more complex system. In this case, 
disturbances at the rail only become serious when they agree with 
one of the several natural frequencies of the system. 

With a multiple-axle wheel base, consider coordinate axis at 
the equilibrium position of the center of gravity of the spring- 
borne parts. Let z, y, and z be the axis along the longitudinal, 
lateral and, vertical directions. The position of any spring is 
then determined by the coordinates z, and y,. In the displaced 
position, let z be the displacement of the center of gravity, @ be the 
angle of roll, and ¢ be the angle of pitch. 

The kinetic energy of the spring-borne parts is 


.. [182] 


For the potential energy, if S, = the statical reaction of any 
spring load with spring constant C,, then 


— 6V = Mgiz + + C,(z + — + — 
.... (183] 


Therefore 


V = —Mgz + + yn? — 2nd) + 5 Cale + — Zn)? 
. (184] 


Since = Mgz, and 2S,y, = ZS,z, = 0, then 


and 


oV 


XC, (z + yn? — = TC, (2 — 2g)... . [186] 


with symmetrical springs about the z axis. 
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Also 


= + y,09 = [187] 


(2 + y,9 = + [188] 
then 
Mz + =C,z — =C,2,¢ = 0. . [189] 
T,.6 + =C,y,20 =0.... . (190] 
Ty, (d*p/dt?) + — = 0....... [191] 


so that the roll frequency is independent of the vertical and pitch- 
ing oscillations, but between the vertical and pitching motion 
there is a coupling reaction — Yc,x,@ acting on the vertical mo- 
tion and — YC,z,z on the pitching motion. Such a system has 
three degrees of freedom with three natural frequencies. 

If =C,z, = 0, that is, the moment of the spring constants 
about the center of gravity are equal to zero, the coupling be- 
tween the vertical and pitching oscillations are eliminated. In this 
case disturbances affect the pitching and vertical oscillation sepa- 
rately. 

With either periodic or transient disturbances at the rail, any 
spring displacement then has the form z + y,@—- x,@ — h, where 
his the amplitude of the disturbance. 


Friction Forces AND LATERAL Reactions Riaiw WHEEL 
BasE 


The lateral forces, particularly in tracking in curves, are 
affected by the friction forces at the wheel treads arising from the 
necessary skewing of the wheel base. 


0: Y; 
-- 
« , 


Fig. 14 Forces AcTING on a Rigip WHEEL Base 


The general solution for the friction center and corresponding 
guiding reactions for a rigid wheel base, as shown in Fig. 14, is 
given by the following relations: 

Lateral motion: 


+C—Y¥ + ¥.—Q—Q@' =0.. 


Along the locomotive: 


. (192] 


=0.. [193] 


where Z is the tractive force. 

Moments about the wheel base: 

+ TF,G/2 + Ce + Yod, + Qb—Q’(a + c) = 0.. [194] 
where, if xz is the distance from the friction center of the wheel 
base, the friction forces are: 


uN (G/2) 
+ G/2)?] 


+ (G/2)?] 


and F, = 


= 
= 
4 
<3 
We 
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The effect of ti, ion is to shift the friction center laterally so 
that under traction 


F uN [z + (G/2)] 
+ (2 = G/2)?) 


Vv [z? + (2 = G/2)?*) 


The lateral reactions Q and Q’ are exerted by the guiding trucks 
and depend upon the swing of the trucks d. With heart links, 

+d) 
Q= kt de + a" an initial value W,(S/2h) where S 
distance between upper pins and k = vertical depth between the 
pins. With constant lateral resistance devices, Q = W, tan a, 
where tan a = 0.2 to 0.4. The swing of front trucks and rear 
trucks differ, usually the swing of the rear truck being in the 
order of one third of that of the front truck. The swing d of the 
truck depends upon the position of the friction center, and for 
the leading truck is 


and F, = 


.. [195] 
while for the trailing truck the swing is 


c? — a? (a + c)(a — Zo) 


R 


.. [196] 


where b and ¢ are the distances of leading and trailing truck cen- 
tering devices from leading and trailing axles of the rigid wheel 
base. 

The friction center location z) back from leading driver, for 
stable motion around a curve, is given by the expression 


where y = one half the total lateral play on end drivers, a = 
length of rigid wheel base, and R = radius of curvature. 

The lateral reactions exerted on the rigid wheel base are Y 
at the front driver by the outside rail and Yo at the rear or next 
to the rear driver in long wheel bases, by the inner rail. In slow 
motion around sharp curves, Yo is large compared with Y. As 
the speed increases the centrifugal and lateral inertia forces C = 
—m(d?y/dt?) = m(v?/R) throw a greater load radially outward, 
increasing the loading on the front driver and decreasing the 
loading on the rear driver at the inner rail. 

With further increase of speed the lateral centrifugal loading C 
increases, relieving the lateral thrust, and contact of the rear 
driver at the inner rail and lateral oscillations are likely to occur. 

It is important to note that the lateral reactions Q of the guid- 
ing trucks tend to press the wheel base against the inner rail and 
therefore should be of sufficient value to maintain Y» with finite 
values at high speed on curves. 

Dynamic Loadings. With the previous static loadings, addi- 
tional loadings of a dynamic nature are imposed on the running 
gear. 

The reactions on the spring supported parts consist of (1) the 
reactions of the spring system, and (2) the lateral reactions DQ 
exerted by the coupled or guiding trucks and the reactions DH of 
the non-spring-supported parts such as the lateral reactions ex- 
erted by the drivers at the journal boxes. Let these latter reac- 
tions be 2S. Let m = mass of the spring-borne parts with the 
center of gravity at h above the center line of the driving axles. 
Let my = total mass of locomotive including drivers, but not in- 
cluding the guiding trucks; the latter are assumed to react on 
this system through the lateral reactions 2Q as well as through 
the spring suspension. 

Let y = lateral coordinate of the leading or guiding driver of 
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the rigid wheel bise, y = the skewing angle of the wheel base, and 
6 = the angle of roll. 
Then for the lateral motion of the spring-borne parts 


+ do(d*y/dt?) + hd] = — DH — SQ = —S... [198] 
For the motion of roll of the spring-borne parts 
= Sh — (C — mgh)@............ {199} 


On combining 
m{h? + k?]6 + (C — mgh) 6 + mhy + md,h(d*y/dt?) = 0. . (200) 


For the motion of the non-spring-borne parts, such as the driving 
wheels, of mass m, — m not including the trucks 


(mm, — m) [ij + do(d*y/dt?)]} = TH —ZY...... {201} 


where DY = lateral reactions at the rigid wheel base as Y, Yo, and 
Substituting SH = S—=Q then 


SY + 2Q = — moly + — . . (202) 
Therefore 
—¥o+Q—ZF, = —mely + do(d*y/dt?) | — mhé. . [2024] 
For the angular motion in the horizontal plane 
Q(a + do) + Ydo + Y¥(d, — do) — (dy — 
= [203 } 


Combining Equations [202] and [203] 


Ca + Yod, + =F,d, — =F, 4 = m(ko? + do*) (d*y/dt*) 
+ mhdob + modoy.. . . [204] 


These equations show the nature of the conditions that must be 
met in the motion of the wheel base. The primary difficulty of a 
direct solution is the non-linear character of the reactions in the 
oscillation of the locomotive. Since the kinetic energy is 

l 
T = - mkée? + + do(dy/dt) + 


2 


+ = (mo—m) [y + h(dy/dt)] + moko?(dy/dt)?. . . . [205} 


and the potential energy is 
. [206] 


then the equations of oscillation can also be written 


m(k? + h?)6 + (c — mgh)@ + mhy + mdoh(d*y/dt?) = 0... [207] 
+ do(d*y/dt?)} + mhé = Yp — — =F, .... [208] 
mo(ko? + do?) + mhdod + modoy = — Cyy — . . [209] 


where Y>p is the dynamic loading on the leading driver and C,y 
and Cyy are the lateral and moment of the restoring reactions of 
the guiding trucks, ete., and 4y and =F, are the friction forces at 
the wheel base. 

Impact Loadings With Rigid Wheel Bases. With impact loads, 
the effect of finite forces such as the friction forces and the guiding 
forces of the trucks, can be neglected as far as the impact motion 
is concerned. In this case, for a fair estimation of the total 
lateral force, the two systems of loadings can be superimposed. 

The lateral impact on the leading driver (or trailing drivers) 
is expressed by 


cate 
ok 
g 
y 
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M 
1+ a + ky? 


If we consider an elastic yield to take place with elastic constant 
1/K and if V is the striking velocity of the impact at the angle a 
with the rail, then 


M 
Yp = Vsina (211) 
K (: + 


The angle a is dependent on the lateral play and the length of 
wheel base. Increasing the length of wheel base and reducing the 
lateral play reduces the impact loading. 

The impact loading increases directly with the speed. 

The total lateral loading on the end driver is therefore Y, + 
Yp, where Y, is the lateral force required to overcome the friction 
forces. Since a part of the force Y at the leading (or trailing 
driver) must overcome its own friction, the resultant lateral load 
on the wheel is decreased by this amount. The weight transfer 
on the outer tread is 


AW = (Y, + Yp)(R/G)............. [212] 


where R = wheel radius and G = track gage. Therefore, the 
lateral friction force is u(W + AW)x/ y [x? + (G@/2)?] so that 


Y=Y,+ Yp— {u(W + aAW)az/ [x? + (G/2)?]}.. . [213] 


The oscillation of the wheel base on tangent track is actually in 
the nature of a trajectory, angling from one rail to the other and 
dependent on the lateral plays. With large oscillations, the 
wheel base swings as a damped horizontal pendulum with the end- 
wheel contacts with rail as pivot points. The friction forces 
can be approximated by the expression — f[y + x(dy/dt) — 
Vy] where the last term is due to the rolling of the wheels in the 
motion of the locomotive. On pivoting about a leading or trail- 
ing wheel, the friction moment has the form 2f(x*(dy/dt) — 
zVy) so that the last term can be regarded as a restoring moment 
of the pendulum oscillation. The motion of the pendulum is also 
influenced by the lateral reaction of the spring-borne parts due to 
their lateral and rolling motion. The loadings on the axle are of 
an impact nature in rather abruptly stopping the pendulum os- 
cillation and reversing its direction. That is, the reaction at the 
rail is Ky with non-linear characteristics since K increases rapidly. 
When the period of the disturbance agrees with the complete 
oscillation cycle, heavy lateral impacts occur. Periodic disturb- 
ances tend to impress a forced periodic oscillation for the lateral 
and nosing motion. 


SELF-INDUCED VIBRATIONS 


A frequent cause of heavy lateral impacts is due to self-induced 
vibrations set up by the lateral forces at the wheel base. With 
heavy axle loads, due to the elastic yield of the contact material 
between wheel and rail, small displacements or creepage are 
possible rather than a slippage with its accompanying friction 
forces. 

The viscous or creepage force has the form 


creep displacement 
displacement due to roll 


where « = 


The 


10 “On the Action of a Locomotive Driving Wheel,” by F. W. Carter, 
Proceedings of the Royal Society, series A, vol. 112, 1926, p. 151. 


The idea of creepage force was introduced by Carter.!° 
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coefficient as given by Carter and later verified by B.S. Cain,'! is 


where D = wheel diameter, in.; and W = wheel load, lb. 

With lighter axle loads and where appreciable slippage occurs, 
even with heavy axle loads, the slippage reaction corresponds to 
ordinary friction forces, proportional to the rail pressure and a 
coefficient of friction which may reach values from 0.20 to 0.25. 

The nosing oscillation of a locomotive either on tangent track 
or on curves is in the nature of periodic deflecting impacts or 
blows, the wheel base following approximately a sinusoidal tra- 
jectory. In order that self-induced vibrations may be built up, 
it is necessary that some form of a coupling reaction of the forces 
at the wheel base occur between the angular and lateral motion 
in the plane of the wheel base.'? The assumption of linear lateral 
reactions of the track for an elementary wheel base of length b, 
mass M, and polar moment of inertia 7, would result for lateral 
displacement y at the center of gravity and angular displacement 
6 in 

My = — Kly + (6/2)0] + K[(b/2)6 — y) = —2 Ky .. [216] 
and 

1,6 = —Kly + (b/2)0\(b/2) — K{(b/2)0 
— y](b/2) = — 2Kb%#... . [217] 


Thus, no coupling exists between the two motions and self- 
induced oscillations are impossible. Therefore, non-linear char- 
acteristics of the track reactions must exist, which is consistent 
with actual conditions when flange play is allowed for. 

The problem of stability has been considered by various au- 
thors, as Georges Marie,'* F. W. Carter,'®!* while two important 
papers on lateral oscillations have recently appeared by Cain" and 
Langer with Shamberger,'* which deal with self-induced vibra- 
tions of locomotive running gear. 

In the analysis of the stability of a locomotive, it is possible to 
approach the problem in two ways, first, by setting up the equa- 
tions of oscillation of the system. On combining these equations, 
we obtain the frequency equation of an order equal to twice the 
degrees of freedom. In the locomotive, assuming rolling on the 
springs, a first approximation would be one of three degrees of 
freedom and therefore the frequency equation is of the sixth 
degree. Assuming complex roots, if the real parts are positive, 
we have the condition of unstable motion. A real difficulty in 
setting up these equations is to postulate the nature of the reac- 
tions at the rail so that proper coupling reactions are obtained. 

A second method is based on the energy criterion for stability. 
A characteristic of self-induced vibrations is the excitation of one 
of the free modes of oscillation of the system. It is only necessary 
to assume a mode of oscillation and its corresponding frequency, 
approximating the actual conditions. With locomotives, the 
frequency of the mode of oscillation that is excited is its roll fre- 
quency. In other cases, as with a car truck, the frequency is 
not determined by roll but rather by the impact trajectory of the 
wheel base along the rail. The assumption of a simple-harmonic 
oscillation for the lateral and angular displacements of the wheel 
base is obviously a close approximation of the true mode of oscilla- 
tion. 


11 ‘Safe Operation of High-Speed Trains,”’ by B. S. Cain, Trans. 
A.S.M.E., vol. 57, 1935, paper RR-57-3, pp. 471-479. 

12 “lateral Oscillations of Rail Vehicles,”’ by B. F. Langer and P. 5. 
Shamberger, Trans. A.S.M.E., vol. 57, 1935, paper RR-57-4, pp. 
481-483. 

15 *Traité de Stabilité du Material des Chemins de Fer,'’ by 
Georges Marie, Ch. Béranger, Paris, France, 1924. 

14 “The Running of Locomotives with Reference to Their Tenden- 
cies to Derail,’’ by F. W. Carter, The Institution of Civil Engineers 
(British), selective paper no. 91, 1930. 
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The energy criterion is that the energy input and the absorp- 
tion due to damping must balance at the critical speed. Another 
criterion for the condition of minimum energy is that the varia- 
tion of the total energy with respect to the independent parame- 
ters defining the motion is nil. This requires the differential 
coefficients of the energy with respect to these parameters to be 
nil. 

On the basis of the creepage theory," if, with respect to a fixed 
axis along the center line and perpendicular to the track, y is the 
lateral displacement and @ is the angular displacement for any 
given axle at distance z from the origin with track gage G, 
assuming a train speed V at the critical speed, then the creepage 
force due to sliding is 


V (y + 26 — V0) = lateral component . [218] 
f 
— = longitudinal component. (219) 


The total rate of energy input is 
G . 
+ 26 — V6)(y + 26) + 4 = 


G 
=— y? x? +7 6? + 2x76 — 


As a mode of oscillation of the wheel base, let y = Y sin wt, and 
@ = 0 cos (wt + a), then the total energy input per cycle is 


... [220] 


on 


E=—— ==] w?¥? cos? wt + w? | x? + — 6? sin? (wt 
2r Jo V 4 


+ a) — 2w2*rYO cos wt sin (wt + a) — wVY 0 cos wt cos (wt 


+ a) + r6%wV sin (wt + a) cos (wt + «la 


[221] 
Hence, for one criterion of stability 
2 G2\ we? 
aE Y? + “YO sin 
VYo 
—w = [222] 


Dividing through by Y0, then 


(#49 2 Y/o 


cos | = [223] 


— sin a 


Thus, the énergy input is an implicit function with parameters 
Y/0 = the ratio of amplitudes, and a = the phase angle be- 
tween the motions and the critical speed V. Two of these are 
independent, so that, at the critical speed 


= 


which is the second condition for stability. Since the variations 
4(Y/@) and da are arbitrary, their differential coefficients must 
be zero 
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Therefore 


Y/0 = \ k | 


and 
OE, wV. 
V ( — + sina) (226) 
Therefore 
(227) 


By selecting axes so that =fr = 0, i.e., by taking the creepage 
center of the wheel base as origin, a = 0 and the component mo- 
tions are at quadrature. On substituting for Y/6 in the energy 


equation 


where fz = 0, which is the relation obtained by Cain" by a 
somewhat different derivation. 

From this relation, the critical speed is directly proportional to 
one of the natural frequencies of the system, usually of the lowest 
order. Thus, in a locomotive with low period of oscillation in 
the roll, the roll frequency controls the oscillation. Since z is 
proportional to the wheel base, we also note the critical speed 
can be raised by increasing the wheel base length. The factor f 
is the creepage coefficient and we note that for individual wheels 
f is proportional to the square root of the wheel diameter and the 
square root of the wheel load. Beyond the incipient but appreci- 
able slip due to creep, we finally have actual sliding with the 
forces increasing to their static values. From the energy deriva- 
tion for stability, on the basis of actual friction forces the equa- 
tions would be identical except f would be directly porportional 
to W. It is important to observe however, that the creepage 
center of oscillation does not coincide with the friction center. 

Finally, the equation must be modified to allow for such factors 
as journal plays, which tend to lower the critical speed. Again 
the frequency of roll for a locomotive or the nosing frequency of a 
truck are influenced by plays, and the initial disturbances. 

With proper choice of axis, the energy equation can be written 


The first term is the energy input and the last term is the energy 
absorption. Evidently ({/V)V@ is the lateral input force result- 
ing from the shearing of the wheel base and the motion of the 
train. The input takes place on every wheel. This input in- 
creases with the creepage coefficient f and therefore with the 
weight on the wheel. On the other hand, the absorption takes 
place more on the outer spaced wheels and likewise depends upon 
the creepage coefficient and weight on these wheels. Increasing 
the loadings on the outer wheels tends to increase the absorption 
of energy and thereby tends to raise the critical speed. Center 
wheels offer little damping but are equally effective, and with 
heavy drivers exceed the individual input of outer wheels. This 
condition tends to lower the critical speed. As pointed out by 
Cain," central drivers of a wheel base should have sufficient hub- 
liner play so that they are free from lateral reactions between the 
axle and frame. In this way, center wheels are cut out from 
energy input, thus raising the critical speed and reducing the 
amplitude of oscillation. 

A three-axle truck with center axle hub-liner play can be made 


. (228) 
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more stable than a two-axle truck with its shorter wheel base. 
Another way of increasing the stability is obviously by throwing 
more weight on the front and rear trucks. To be effective as a 
long wheel base, the trucks should not swivel. This requires 
some form of radius bar with kick-off hinges or horizontal rockers 
at the radius-bar pin for unlocking when entering curves. 

The lateral resistance of guiding trucks must have high initial 
crack off resistance in the order of 35 to 40 per cent of the center- 
pin truck load for effecting damping for the main wheel base. 
Thus, engine-truck axles should be designed for at least 40 per 
cent lateral resistance in order to overcome the lateral reaction of 
the initial crack off on entering curves. 

Swivel-truck locomotives can increase the stability of nosing 
by also introducing lateral kick-off resistances to the cab frame so 
that on tangent track, the trucks are laterally stabilized but kick 
off on sufficient curvature. 

In steam locomotives the possibilities of critical nosing speeds 
is eliminated to a large extent due to the forced oscillations set 
up by unbalanced reciprocating inertia forces and periodic torque 
reactions. On the other hand, front engine trucks of steam loco- 
motives are free to swivel and undoubtedly with their relatively 
short wheel bases, are subjected to self-induced nosing oscillations 
at high speeds. Introducing radius bars with four-wheel engine 
trucks having kick-off lateral devices at the radius-bar pin, should 
not only stabilize the truck for high speeds but also act as a truck 
wheel base damping for nosing oscillations due to reciprocating 
parts. 


CONCLUSIONS 


The previous discussions have shown that loadings and stresses 
in axles are dependent on many variables, such as the position of 
the axle in the running gear, the coupling of trucks with rigid 
wheel bases, equalization systems, etc. 

In considering dynamic loadings, it has been shown that lateral 
and journal loadings in general increase with the speed with super- 
imposed oscillations dependent upon the irregularities of the 
track. The disturbances at the track may be classified into 
periodic disturbances such as rail joints, and transient disturb- 
ances. The former causes large oscillations when the period of 
the disturbances agrees with the natural frequencies of the 
suspension systems. The transient disturbances, depending 
upon the properties of the suspension in configuration of the 
running gear as well as the nature of the disturbance, may result 
in large oscillations of system leading to large superimposed 
loadings. When entering a curve through the transition spiral, 
rolling oscillations are set up which are superimposed on the 
centrifugal loading, thereby increasing both lateral forces and 
journal loadings. Another classification of dynamic loads is 
suddenly applied loads of an impact nature accompanying lateral 
oscillations on tangent track and on entering and leaving curves. 
Finally, the possibility of self-induced oscillations requires a 
critical study of the proportions of the running gear. 

Dynamic loadings, whether of an impact, transient, or periodic 
nature, are greatly reduced by adequate spring suspension. 
These are affected by ample vertical springs as well as by flexible 
lateral devices in which the periods of oscillation are all of a low 
order. Damping is very effective in reducing the free oscillations 
set up by transient track disturbances. However, too great 
damping transmits large friction loads and reduces effectiveness 
of the spring suspension. It is also important to reduce non- 
spring-supported parts to a minimum. The dynamic loadings 
of these parts at high speeds become an appreciable percentage of 
the loadings on an axle. A relatively high center of gravity is 
favorable for reducing lateral loadings. On the other hand, high 
centers of gravity are conducive to increased roll in journal reac- 

tions on curves. It has been shown that the position of the center 
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of gravity with the ranges of heights used in axle calculations in 
standard and modern equipment do not appreciably change the 
magnitude of the lateral forces. 


3—LOCOMOTIVE CRANK PINS 


High speeds not only give critical conditions for axles but also 
impose severe loadings on the running gear of the locomotive, 
particularly on crank pins. 

In this section of this paper an investigation has been made 
on the inertia loadings while drifting and the combined steam and 
inertia loads, both at high speeds around 90 mph.'® 

The combined torque curve and the component reactions on the 
pin have been calculated for a four-coupled locomotive having 
27 in. X 30 in. cylinders and 78 in. driving wheels. 

The critical or allowable speed, based on limiting stresses at 
the crank pin, has been evaluated by a simple formula applicable 
to any locomotive, provided the constants of the locomotive are 
known. A diagram showing the loadings on main axleis also given. 


DrivinGc ToRQUE ON CRANK 


The torque or rotative effect on the crank can be readily calcu- 
lated as follows: 


Let 7 = '/,A6? = kinetic energy of mechanism 
A = inertia coefficient of mechanism 
P = piston load 
# = torque reaction on crank, i.e., the rotative effect » 
crank radius 


Wr 
Mp = . = mass of the reciprocating parts 


r = crank throw 

1 = length of the connecting rod 

m. = mass of the connecting rod 

h = distance from the crosshead to the center of gravity 
of the rod 

k = radius of gyration of the rod about the crosshead 

@ = angle of obliquity of connecting rod 

= crank angle 


> 


The kinetic energy of the mechanism is 
T= Ke +m, ‘cn: a + m, 
+ m, (k? — | [230} 


Let = m,(l1—h)/l, and u, = m,(h/l). Since = sin 6 + 
(r/2l) sin 26]6, and (d@/dt) = (r/l) cos 6 6 then 


1 r 2 
= 2 + M1) (sine al sin 2») 4+ Me 
k? — hl 
+ m, cos? [231 } 


so that the inertia coefficient is 


T 


2 
A (mg + (sin + 5 in 28) +m 


k?— hl 
+ m, iP cos? @ | r?........ [232 | 


a function of 6. Then 


d or | 
[233 


1’ An analysis of stresses in locomotive driving wheels was givel 
in: “The Strength and Proportions of Wheels, Wheel Centers, anc 
Hubs,” by R. Eksergian, Trans. A.S.M.E., vol. 46, 1924, pp. 929-975. 
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and since 7’ = !/,A6, we have 


which is also evident by directly differentiating the equation of 
work and energy. 


For uniform rotation of the crank, § = 0,and@ = w. Therefore 
dz 1 dA 

= P — — — a?.............. 235 

de do 


®’ = Pr | si be in 26 
= in sin 


+ (sn 6+ sin 26 ) (x 6+ "£08 2) 


where 4, = m,(l—h)/l, and m.k,? = m,(k? — hl). 

In locomotive rods k = 0.89, approximately. It can be ob- 
tained experimentally by swinging the rod about a knife edge 
bearing at smallend of rod. Then 


, l 
k = — V/(gh), andh =" 


be 


where T = time for complete oscillation; h = distance from the 
crosshead to the center of gravity, ft; uw.g = rod weight on main 
pin; and we + uw: = m,. 


CALCULATION OF LOADINGS ON PINS 


It is convenient to divide the reaction on the pin into two com- 
ponents: (1) A normal or radial component N, with positive 
direction outward; and (2) a tangential component 7, corre- 
sponding to the previous rotative effect with positive direction 
acting in the direction of the rotation of the crank. 

The general scheme of resolution of the forces on any member 
of the mechanism is a division into two systems of reactions: (1) 
Reactions applied at the ends of the member which balance the 
inertia forces on the member, and (2) the superposition of an un- 
known axial component applied by equal and opposite forces at 
the ends of the member. The vector sum of the components (1) 
and (2) is, at either end, the true or resultant action at either end. 
To obtain the unknown axial component, we must then consider 
the reaction on the other bodies which apply the loads to the 
given member. From the kinetic equilibrium of either of these 
other bodies, the unknown axial component can be determined. 

It is obvious that a variety of combinations of acceleration 
components are possible for meeting the conditions of kinetic 
equilibrium and with each combination corresponds a definite but 
necessarily different axial component, since the true or resultant 
reaction on the pins must be the same. 

One convenient combination of inertia components at the end 
pins of a rod is a resolution into translatory inertia components 
at the pins, proportional to the weighted loads on the pin. This 
meets the condition for balancing the translation components of 
the inertia loading, but it does not provide kinetic equilibrium 
for the angular acceleration of the rod. To meet this latter con- 
dition, an additional correction couple is necessary since a couple 
in no way disturbs the already balanced translatory inertia forces. 

In Fig. 15 is shown the reactions on reciprocating parts, main 
rod and crank, separated to show the interactions at the crosshead 
and main crank or wrist pin; here P = piston load due to steam 
thrust, and S = axial component. 
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Inertia Components. For the translation of the main rod, let 
#, and # = the horizontal components of the acceleration at the 
crosshead and crank pin, respectively; then the horizontal ac- 
celeration of the center of gravity is 


l—h h 
‘ea, i = mit) (237 ] 


Fie. 15 Reactions on RectprocaTinc Parts, Matin Rop AnD 
CRANK, SEPARATED TO SHOW THE INTERACTIONS AT THE CROSSHEAD, 
Matn CRANK PIN, AND CROSSHEAD PIN 


and if # = the vertical acceleration of the crank pin, then the 
vertical acceleration of the center of gravity is 


where 4; = m,(l — h)/l = mass of rod on the main pin and uz = 
m.(h/l) = mass of rod on the crank pin. 

The inertia components at the crosshead and crank pin ends 
of the main rod required to translate the rod are w,%; at A, and 
and at B. 

For the angular motion of the rod, let Kl be the additional or 
correction couple required to accelerate the rod angularly. For 
the angular motion about the center of gravity 


Kl + with sin — —h) sin 
+ — h) cos = [239] 
Kl + witihsin — — leos — lsin o(d*o/dt?) 

(l— h) sin + w[l cos ¢(d*g/dt?) — lsin ¢(dg/dt)?|(l — h) cos 
= mk,*(d*p/dt*)........ {240} 

Therefore 
Kl + m{l — h)h(d*o/dt*) = [241] 

and 


m.(k? — hl) d*p 


K lke (l — h)h] 


242 
dt? 


where k? = k,? + h?*, k being the radius of gyration about the 
crosshead end of the rod. ; 


REACTIONS AT THE CROSSHEAD AND CRANK PIN 


The reaction between the main rod and reciprocating parts at 
the crosshead pin A is the vector sum of wi, K, and the axial 
component S. The reaction between the main rod and crank 
at the crank pin B is the vector sum of usés, waij2, K, and S. With 
uniform rotation of the crank, the results of the inertia compo- 
nents usij2 and ui; is simply the centrifugal loading of the weighted 
end of the rod on the crank pin. 

To determine the axial component S, considering the motion 
of the reciprocating parts 


de 
2 dé 
i. 
(a) 
~ 
sy 
— — sin 20 | w?.............. [236] 
z K 
(6) 
4 
2 
“hes 


ga (243 ] 
cos 


The rotative effect at the crank pin, with uniform rotation of 
the crank, is 


®’ = Srsin (6 + ¢) — Kreos (6+ ¢)........ [244] 


and this can be shown to agree with the expression of torque, ob- 
tained as Equation [236]. 

As far as rotative effect is concerned, the assumption of a mass- 
less rod, with the reciprocating weights increased by the weighted 
end of main rod on crosshead pin, is sufficiently accurate for 
torque calculations. 


REACTIONS ON THE MAIN PIN 


The reaction’ on the pin is divided into two components: (1) 
A normal or radial component N with positive direction outward. 
(2) A tangential component 7 corresponding to the previous 
rotative effect with positive direction acting in the direction of 
the rotation of the crank. 

Forward Stroke. For the normal component during the for- 
ward stroke as shown in Fig. 15a 


N = —Ksin (6 + ¢) — Scos (0 + ¢$) — sin + pete cos 0 


= —Ksin (6 + ¢) — Scos (6 + ¢) + pwr............ [245] 


For the tangential component during the forward stroke 


T = Ssin (@ + ¢) — K cos (6 + — cos 6 — poigsin 0 


= Ssin (6 + ¢) — K cos (6 + (246 ] 


where 


sin (6 + ¢) = (1/n) sin ov nt — sin? 6 + (1/n) sin 6 cos 6 
=> sin 6 + (1/n) sin @ cos @ 
cos (6 + ¢) = (1/n) cos@ V n? — sin? 6 — (1/n) sin? 6 


=> cos 6 — (1/n) sin? 6 


2 
K=m,(* 


l di? 


3 
ll 


r 
d*y w'(n?—1)sind 
= wr [cos + (1/n) cos 26] 
= wr cos 6 
je = —w’r sin 0 
m = h)/l 
pe = m-(h/l) 


sing = (1/n) sin 6 
cos ¢ = (1/n) — V/(n? — sin? 6) Y 1 

k = radius of gyration of main-rod about the crosshead 

Mp = mass of reciprocating parts 

m, = mass of main rod 

lt = length of main rod, ft 

r = crank radius, ft 

P = piston load 

2x(rpm) 
60 


Return Stroke. It is convenient to measure crank angles from 


= angular velocity of the crank 
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crank-end dead center and the piston load positive from the 
crank end toward the head end. 

The reactions in the return stroke are shown in Fig. 15b. The 
accelerations are measured with positive direction from crank 
center toward head end, so that, for reciprocating parts 


#1 = w*r[cos 6 — (1/n) cos 20]............ [247] 
and at the crank pin 
= w*r cos 0 
jz = —w’r sin 0 


while d*¢/dt? is the same form as in the forward stroke. 

The reactions on crank pin, with normal component N having 
positive direction radially outward, and the tangential component 
T having positive direction in the direction of motion are 


N = cos — sin — K sin (0 + —S cos (6 — 


= uw*r — K sin (6 — ¢) —S cos (0 — @)............. [249] 
T = sin 0 — cos — K cos (@ — + Ssin (6 — ¢) 

= —K cos (6 — ¢) + Ssin (@—4@)...............05. [250] 
where 


go Kain 6 — (me + 


sing = (r/l) 


and 
cos @ = (1/n) /(n? — sin? 6) =1 


TORQUE ON DRIVERS 


The torque on main driver due to the main-pin reactions is 
given by the expression @ = (7' + 7’)r where T and 7’ are the 


CRANK 
L 
Leé 


Fie. 16 Zeuner SHowING VALVE Events 


tangential components on the main pin for the right and left sides. 


The rotative effect for the right crank is 7’r and for the left crank 


T’r displaced 90 deg in phase. Obviously 7’r is the same as 


in Equation [236]. 


The torque transmitted by the side rods from the main driver 
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to the coupled drivers is g> and is dependent on the distribution 
of the total torque on the several drivers. The greater part of 
the torque throughout a complete revolution can be sustained on 
the main driver alone, particularly at high speeds, resulting in a 
low value of g. Ordinarily, the total torque is assumed equally 
distributed per driver. 


Piston Loap P 


The steam load on the piston depends upon the functioning 
of the valve gear, which regulates admission, cutoff, release, and 
compression. The motion of the valve, with radial valve gears, 
is compounded from two harmonic components effected through 
the combination lever. The component motions are derived 
from the crosshead and the eccentric crank at 90 deg out of phase 
with the main crank. The motion derived from the crosshead 
remains in a fixed ratio with the piston displacement, while the 
motion from the eccentric crank can be adjusted, and reduces 
for the earlier cutoffs. At mid-gear, the displacement of the 
valve is derived only from the motion of the piston or main crank 
and the valve travel in this position is twice the (lap + lead). 

Let e = equivalent eccentric throw, and 6 = angle of advance, 
L = steam lap, e = lead, and let the cutoff angle = 90 deg + @. 

Then, referring to Fig. 16 


Therefore 
L 
[253] 
sin 6 
and 
(cos @ cos 6 — sin 6 sin 5) — 7 ae [254] 
sin 6 
So that 
cot 6 = ee (255] 


(L + cos 0 


From which the angle of advance can be estimated, given the 
steam lap L, lead «, and cutoff angle 90 deg + 6. As an example 
let L = 1'/,in., e = 1/cin., and let cutoff occur at 20 per cent of 
thestroke. Ifr = 15in. = crank throw, then 


r{1—cos (90 + 6)] _ 
2r 


0.2 


from which 6 = 36.9 deg. Therefore cot = 0.29 and 6 = 73.8 
deg, ande = (L + ¢)/(sin 6) = 1.5/0.96 = 1.565 in. 

From the Zeuner diagram, the events of the stroke can be 
determined, given the angle of advance 4, the steam lap, and the 
exhaust lap. 

With the events of the stroke given, some approximations can 
be made for estimating an indicator card. At high speed, the 
card is greatly distorted due to wire drawing. This reduces the 
admission pressure with a rapid falling off to cutoff, and a further 
drop off from release to back pressure. The back pressure is 
Taised. From cutoff to release and in the compression zone it 
may be assumed that py = constant. The shaping of a card is 
guided by data from typical high-speed cards. 

One important consideration is that the estimated mean 
effective pressure must be consistent with the power output of 
the locomotive. 

In estimating the variation in piston load, the upper part of 
the card corresponds to the head-end load and the lower part to 


the crank-end load on the piston. The lower part is measured 
in the opposite direction to the upper part, that is, the compres- 
sion obviously occurs at the crank-end side when release occurs 
at the head-end side. The difference in these pressures is the 
effective pressure loading on the piston. In estimating the total 
load, the area of the rod can be usually neglected. The piston 
displacement is correlated with the crank angle by the expression 


+1 cos6...... [256] 

for the forward stroke, and by 
s = r(1 — cos 6) — [lI — — r* sin? 6) ]... . [257] 

for the return stroke. 


Smpz-Rop REacrTIoNs 


In the analysis of reactions on axles and crank pins it is neces- 
sary to consider the action of side rods. 
The transmission of torque to coupling drivers is through a 
statically indeterminate system complicated by plays and align- 
ment between pin centers and journal centers. 
Without play and with ideal alignment, if S; = right-rod load 
and S; = left-rod load, with the right crank leading the left, then 
from @ = 0 to 90 deg, the lower rod is in compression and the 
upper rod is in tension. The torque transmitted is 


Sir sin + Sgr cos = ®............. [258] 


The elastic potential of the system dependent on the loadings S; 
and S; is only redundant by one degree. Assuming the redundant 
loading as S, then 


where 


Therefore 


oV oS: 
= 0. ee 260 
DS, K,S: + Ks (s: + S; + KS. DS, [260] 


where from the foregoing condition relation 


and 
S, = [262] 


r cos 6 


With a symmetrical distribution of the elastic constants 


= (®/r) sin [263] 
S; = (®/r) cos 6 


x 
ay 
aS; 
1 
3 (KiS;? + K2S,* + 2K3S,S3) 
NE 
f 
| 
-4L 
ior 


180 


Actually, due to the effect of plays and alignment, the loadings 
are considerably increased. 

It can be very simply shown that, assuming equal plays and 
with a rigid drive, there exists an intermittent loading of the side 
rods with definite change over positions, the loadings on one or the 
other side carrying the entire driving load alternately over given 
load belts of action. In a two-cylinder locomotive with cranks 
arranged at 90-deg phasing, the change over occurs at the 45 
deg and 135 deg positions, while in a three-cylinder locomotive 
with cranks at 120-deg phasing, assuming the right crank leading 
the left, the right drive carries the load from 60 deg to 150 deg 
and from 240 deg to 330 deg, while the left crank carries the load 
in the remaining intervals. In this case the maximum load occurs 
in the 30-deg position. 

With Unequal Rod Length or Journal Centers. If 5 = total play 
in bearings then at the change-over position in the first quadrant, 
referring to Fig. 17 


—rsing + L— AL + rsin (¢ — Ad) + & = L.... [264] 


for the trailing side, and 


—reos¢+L+rcos (¢ — Ad) —& =L.... 


[265] 


for the leading side. Therefore 


(266 ] 


rsin r cos 


. [267] 


With three-cylinder locomotives, cranks at 120 deg apart, it can 
be shown in a similar way that the change-over position occurs 


when 
V3 5o 
tan ¢ = 9 (268 


Thus, the effect of poor alignment is to cause more unfavorable 
change-over angles. 

The effect of the elasticity of the drive is to prevent an abrupt 
change-over angle, that is, there is an elastic load belt at the 
change-over position where the rods on both sides are in action. 
This condition reduces the peak loads at the change-over posi- 
tions and compensates for poor alignment. 

In a first approximation, the effect of elasticity can be accounted 
for by an equivalent elongation of the rod on the loaded side 
25, so that 

5o — ALp 


tan = 269 
where 
L,, cos L 


where the first term accounts for the torsional deflection of the 
axle, the second term for the elongation of the rod on loaded side 
and 4’ for such factors as bending of the axle and deflection of 
the frame. 

This simplified method of accounting for the elasticity of 
the drive is open to objections due to the fact that bending dis- 
placements cannot be added directly. The general attack 
is to consider the elastic energy of the system, which has the form 


(K,S,? + K2S.* + + 2KSiP; + 2KS2P2. .ete.) 
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with the condition, Sr sin 6 + Sr cos @ = ® for any given posi- 
tion of the cranks. 

At a change-over position, the elongation of the system on 
the loaded side must just take up the plays on the unloaded side 
and also the difference in alignment between the two sides. Then 
if « accounts for these factors, 

oV 


KiS,; + KS, — 


oS, 
—.. 
aS, aS, Pi + KsP2 DS, ([272] 


where P,; and P; are other loadings such as the steam loads that 
cause bending in the coupled system. 

For practical considerations it may be assumed that the change- 
over occurs at the 45-deg angles, so that with the right drive 
leading the left, the load is carried by the right side from 45 deg 
to 135 deg, by the left side from 135 deg to 225 deg, by the right 
side from 225 deg to 315 deg and by the left side from 315 deg 
to 45 deg, with the right crank as the reference crank. 
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g 
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Fic. 18 Estrimatep Inpicator Carp 


In order to calculate side-rod loads it is only necessary to 
isolate the coupled axle, or axles and consider the torque trans- 
mitted to them. On the assumption that a percentage of the 
total driving torque gP on the main axle, consistent with the 
friction limitations at the tread, is transmitted to the coupled 
driving wheels, the side-rod load K when the right crank leads, 
the left, is 


qh 


r sin 6 


where 6 = 45 to 135 deg and 225 to 315 deg for the right side, 
and 135 to 225 deg and 315 to 45 deg for the left side. 

The reaction on the main driver due to side-rod loads is simply 
the reaction K for the total group of coupled axles, on either 
side of the main drivers. The inertia loading, in a first approxi- 
mation, can be considered as the centrifugal loading of the 
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Fic. 20) Direcrion or Reacrions oF MAIN AND S1pE Rops ON THE 
Main Crank PIN 


weighted ends of the rods on the main pin. Actually, it is possible 
for the entire axial component of the inertia loading to bear on 
the main pin, particularly at the dead-center positions. 


CALCULATIONS OF REACTIONS ON A Four-CourLep LOCOMOTIVE 
AT 90 MPH 


Assumed Proportions. For the following calculations for the 
reactions on a four-coupled locomotive assume the cylinder 
diameter = 27 in.; the piston stroke = 30 in.; the boiler 
pressure = 275 lb per sq in., gage; the maximum piston load 
Pmaz = 157,000 lb; the weight of reciprocating parts = Pmez/ 
100 (approximately) = Wr = 1550 lb; weight of connecting 
rod we = 1350 lb; diameter of driving wheels = 78 in.; length 
of main rod L = 116 in. = 9.67 ft; radius of gyration about the 
crosshead k = (0.87 X 116)/12 = 8.41 ft; speed = 90 mph or 
(90/78)336 = 387 rpm; angular speed of crank w = 40.6 radians 
per sec. 

Piston-Load Calculations. An indicator card, shown in Fig. 18, 
was estimated on the basis of 20 per cent cutoff with steam lap 
equal to 1'/, in., lead '/, in., and with '/;-in. negative exhaust 
lap. The equivalent eccentric throw as shown previously is 
1.565 in. with an angle of advance of 73.8 deg. With the events 
of the stroke obtained from the diagram, an indicator card for 
high speed was estimated consistent with a mean effective pres- 
sure which gives, at 90 mph, approximately 3000 hp. The lower 
diagram shows the separation of the pressure on the head-end 
side of the piston and the corresponding pressure on the crank- 
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Fic. 21 Inertia Forces anp STEAM LoaDS ON THE MaIn CRANK 
PIN 


FORCES. IN POUNDS 


Fie. 22 InNertTIA Forces on THE Matin Crank Pin DUE TO THE 
Rops anp REcIPROCATING PARTS 


end side, the difference between these two curves being the effec- 
tive pressure on the piston. From this the total load on the piston 
was established for varying crank angles and corresponding 
piston displacements. The corresponding diagram was used for 
the return stroke with return crank angles. 

Resultant Torque Curves. Based on the previous analysis, the 
torque curves on both sides of the locomotive were calculated. 
These curves were combined, with consideration of the 90-deg 
phasing of the cranks, both with and without piston load. The 
resultant torque curve with steam and inertia loading is shown in 
Fig. 19. It is to be noted that the maximum torques do not occur 
at the positions found in low speed, namely, at the 45-deg crank 
angle. 

The maximum torque for the combined steam inertia loading 
is 74,000 ft-lb as compared with low-speed starting conditions 
at the 45-deg angle of 300,000 ft-lb. The torque drops to prac- 
tically zero at a crank angle of 250 deg. The initial torque without 
piston load is shown to be of an appreciable magnitude. 

Reactions on the Main Crank Pin. The positive directions of 
the components of the reaction of the main rod on the crank pin 
is shown in Fig. 20. The main-rod reactions on the pin are 
divided into the tangential and normal components. The side- 
rod reactions on the main pin are shown with their axial compo- 
nent K and the radial component y2w’r due to the inertia of the 
rod. Later these components are divided into their respective 
normal and tangential components. 

Fig. 21 shows the normal and tangential components reacting 
on the main pin due to combined inertia forces and steam loads 
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Fie. 23. Sipg-Rop AxIAL Forces ON THE CRANK PIN 
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Fig. 25 Maximum Loapine ConpiITIONS OF THE MAIN CRANK PIN 


at various crank angles. It is to be noted that the normal compo- 
nent is by far the greatest loading on the pin. The resultant 
loading on the pin for this condition is obviously the square root 
of the sum of the squares of these two components. Its maximum 
value is less than the piston load under starting conditions. 

Fig. 22 shows the normal and tangential components of the 
inertia forces alone. In this case the maximum loading occurs 
at the dead-center position and reaches a value of 204,000 lb 
and exceeds the maximum piston load at starting by 30 per cent. 
It is further to be noticed that these curves are symmetrical about 
the zero and 180-deg crank angles. 

Side-Rod Reaction on the Main Crank Pin. As was previously 
discussed, the distribution of torque on the coupled drivers de- 
pends upon the distribution of the adhesion loading between the 
main driver and the coupled drivers. In Fig. 22 it was assumed 
that the torque was distributed equally among the four drivers. 
On this basis the loadings of the side rods on the right and left 
sides were determined according to the analysis previously dis- 
cussed on side-rod action. With the combination of equal torque 
loadings on the drivers, the side-rod axial component reaches a 
maximum value of 52,000 lb at the change-over position of 45 
deg and 225 deg, respectively. 

Fig. 23 shows side-rod axial reactions on the main pin. Con- 
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sidering the varying torque per revolution ® = (7'— 7')r exerted 
at the crank pin by the main rod on either side, the side-rod axial 
component which is taken on either side, as previously mentioned, 
is K = g@/rsiné@, where g = 0.75, that is, the total loading is as- 
sumed equally distributed per driver. The solid line in Fig. 
23 shows the intermittent character in the load-belt zones for 
the right side. As already mentioned, the axial loading of the 
side rod at high speeds is more or less indeterminate due to the 
fact that a large percentage of the total torque can be sustained 
by the main driver. 

Fig. 24 shows the axial and inertia loading of the side rod on 
the crank pin divided into normal and tangential components. 
In this case the normal component, principally due to the inertia 
loading of the side rod, reaches a value of 100,000 Ib. 

The horizontal part of the normal component is the inertia 
loading of the side rod, the axial component being nil between 
these crank angles. The tangential component which is only 
affected by the axial component, is of relatively small order. 

Therefore, the question of distribution of torque transmission 
to coupled drivers with respect to the reaction on the main crank 
pin is relatively unimportant. The side-rod reaction on the main 
crank pin is principally due to its inertia loading. 

Loading Diagram on Main Crank Pin. Fig. 25 shows the 
maximum loading condition on the main pin. This occurs at 
the head-end dead-center position. The axial component of the 
connecting rod is 


S = P— (mg t+ [1 + (r/D]........ [273] 
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The reaction of the connecting rod on the main pin is y,2w*r — s 
toward the head end, that is 


Nmax = [u2 + (mp + m){1 (r/l)} — P.... [274] 


The reaction of the side rod on the main pin is usw*r, the axial 
component K for transmitting torque being nil at the dead-center 
position. 

The connecting-rod and side-rod reactions have moment arms 
a and b for bending in the pin. 

The maximum loading condition at starting is shown with 
full piston load P and moment arm a. The reaction of the side 
rod is also nil for this condition. 

Loading for Bending on Azle. Fig. 26 shows the horizontal 
reactions on the main axle at high speeds. These are the most 
important loadings for causing bending in the axle. 

The horizontal component of the connecting rod on tne main 
pin (acting to the rear) is 


T sin 6— N cos @ 


The horizontal component of the side rod on the right-hand 
main pin (acting forward) is 


K + cos = sin 0) + cos 6 


The horizontal component of the counterbalance loading 
is u,,w?r cos 6 (to the rear). 

A further refinement should include the inertia of the pin 
u,w*r cos 6 (forward) and acting at its center of gravity. 

For the left side, the horizontal components of the connecting- 
rod and side-rod reactions on main pin are T’ cos 6 + N’ sin 6 
and u,w’*r sin 6 (forward) together with the inertia component of 
the pin itself. 

The horizontal component of the left-side counterbalance is 
uw’ sin @ (to the rear). 

The bearing reactions are Hz and H, for right and left sides, 
respectively. 

The forward tangential force exerted by the rail on a driving 
wheel, that is, the tractive force per wheel, assuming the torque 
equally distributed, is F = (r/2R)((7 + T’) — K sin @] = 
(r/2R)(1 — q)(T + T’), where q is the percentage of the torque 
transmitted to side rods. 

At high speeds, the maximum loadings occur at the forward 
dead-center position. With right crank leading, the reactions 
on the pin are those previously discussed under maximum load- 
ings on the pin. 

The reaction of the connecting rod is given by Equation [274] 
and it acts forward at the cylinder centers; for the side rod the 
reaction is u,wr cos 6 at the side-rod centers. 

To these should be added the loading of the pin itself upw*r 
acting at its center of gravity. 

The counterbalance reaction counteracts these moments, 
but has a relatively small moment and can be neglected. 

The critical sections are just inside the inside wheel fit of the 
axle, as well as the inside fillet between the main journal and 
wheel-center hub. 


SPEED oF LOCOMOTIVES 


Since locomotive crank pins are designed on the basis of 
starting piston loads, it is possible to determine at what speed 
the pin loads exceed this design load by a maximum allowable 
amount. There are two possible limiting conditions: First, 
when the bearing loads on the pin reach a maximum allowable 
value, and second, when the bending at the base of the pin be- 
comes critical. 

In the design condition the maximum pin load occurs at the 
dead-center position and equals the piston load P increased by the 
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allowable overload n. In the high-speed condition, the maximum 
load occurs at the head-end position. 

The loading on the pin for this position is shown in Fig. 25. 
Let 

maximum effective cylinder pressure at high speed 
~ boiler pressure 


q 


P = design piston load 
head-end effective piston load at high speed decreased 
to allow for wire drawing 
No = main rod load on pin 
S = axial compression in main rod 
Wr 


v 
ll 


Mp = = mass of rec procating parts 
g 
w 
wm = = = weighted mass of the main rod on the crosshead 
we = 2 = weighted mass of the main rod on the pin 
w 
be = : = weighted mass of the side rods on the main pin 


r = crank throw, ft 


Then 
S = qP — (mpg + uw) (1 ‘) [275] 
No= — S 
= ome + (: + or —@P........ [276] 
Let 
(mz + mm) (: ‘) [277] 
Therefore 
1 l 
(278) 
r 
and 
We 
> [279] 
w 
2 
[280] 
Hence, on substituting these coefficients 
No = (kg —— —@P .......... {281} 


Maximum Drifting Speed on Basis of Bearing Load. For 
drifting gP = 0. Ifn = overload allowance on bearing for drift- 
ing,'® then (1 + n)P = maximum allowable bearing load. Setting 
this equal to the bearing load at high speed 


Pwr 
(1 + n)P = No = (kg +k.) — 


(1 + n)g 


Noting that s = stroke, in. = 24r; V = speed, mph; D = 
driving-wheel diameter, in.; and w = +N/30, where N = speed, 
rpm = 336V/D, then 


16 The overload allowance n depends on speed, bearing pressure, 
and proportions of pin bearing. 
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Maximum Power Speed on the Basis of the Bearing Load. Since 


qP = piston load and (1 + n)P = maximum allowable bearing 
load, then 
(1 + n)P = No = —gP + (k, + kp)(Pw*r/g)... . [285] 
Therefore 
l+n+q 
+k “4 


Maximum Drifting Speed on the Basis of Bending on the Pin. 
Let m = overload allowance on bending for drifting, and 
(1 + m)Pa = maximum allowable bending moment. 

For bending in the pin, the inertia loading of the side rod 
u,w’r cannot be neglected. Even the inertia of the pin itself 
has an effect which could be included by increasing ye and yz, 
by the partial mass of the pin acting at these points. Neglecting 
the latter, the bending moment, due to main rod loading, is 
(ke + k.)(Pw*r/g)a and that due to the side rods is (k,Pw*r/g)b. 


Therefore 
(1 + m)Pa = (te + k.) 1287) 
and 
{ (1+m)a 
Nmax = 266 + (288 ] 


Maximum Power Speed on the Basis of Bending on the Pin. 
For this condition 


(1 + m)Pa = | + k,) w*r — gPa. . [289] 
+ m+ = [ke + + [290] 
and 
_ 30 2491+ m+ 
VU ke + + 
(1+m-+q)a 
= 266 Vic. (291 ] 


Maximum Drifting Speed on Basis of Bending in Pin. If m = 
overload allowance = 0.25; a = 11.25 in.; 6 = 3.375 in.; P 
= 0.7854 X 275 X 27%= 157,600; | = 116in.; r =15in.; wz = 
1550 lb; = 450 lb; we = 900 lb; Ws = 1000 lb; kp = 
w;)(1 + = 0.01432; k, = (w:/P) = 0.00572; and 
k, = (w,/P) = 0.00635, then 


with 78 in. drivers, or Vmax = 85 mph. 
Maximum Speed With Power on, for Bending in Pin. In this 


(1 + 
[(kr + k.)a + k,b]s 


\ = 366... [292] 


case no overload factor will be used, so that, m = 0. Due to 
wire drawing at admission at high speed g = 0.77. Then 
(1+m-+q)a 
Nmx = 266 = 433... (293 


100 mph. 


with 78 in. drivers, or Vax = 
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ALLOWABLE BEARING Loaps 


With high-speed locomotives, the allowable bearing load de- 
pends upon the design proportions of the pin bearing, the speed 
of rotation, and the mean maximum bearing pressure resulting 
from the loadings on the pin, together with the physical properties 
of the lubricating oil. 

The simple relation pv (pressure X peripheral velocity), is 
inadequate for estimating the complex limitations of the problem. 
Its justification is a rough approximation of the heating of the 
pin provided the friction coefficient can be assumed constant, and 
as a wear factor. 

The relations in the bearing are primarily a function of the 
non-dimensional parameter yvr/p,,s? and geometrical ratios 
as l/d, s/d, etc., where « = viscosity coefficient, v = peripheral 
velocity, r = d/2 = radius of pin, s = mean clearance, p,, = 
mean bearing pressure, and 1 = length of bearing. Since v = 
2xNd, the parameters may be separated into uN/p,,, 8/d, and l/d. 

Under load the pin is displaced to an eccentric position e 
relative to the pin bearing. When e is small compared with the 
clearance then e/s is a function of yuvr/pms*. With heavier 
loadings, e/s is no longer small and then is also dependent on the 
angle between the center line of pin and bearing and the resultant 
loading on the bearing. Due to the eccentric displacement of the 
pin relative to the bearing, the film pad is reduced in thickness. 
The load that can be sustained before breaking down the film is 
dependent on the geometrical ratio of the length of film pad to 
the diameter of pin, the thickness of the film, the viscosity of the 
lubricant, the peripheral velocity. The allowable pressure is 

proportional to 


= K(uod/s?) = K(uNd?/s*)......... [294] 


where K depends upon the film-length ratio. Thus, as the clear- 
ance reduces, the pressure that can be sustained increases rapidly. 
The friction coefficient Z can be expressed, as 


Z = f(uN/p,,) f(s/d) fil/d)........... [295] 


For given bearing proporticns, the friction coefficient depends 
primarily on the modulus »N/p,,.'7 Above a critical value of the 
modulus, the friction coefficient increases nearly directly with the 
modulus. When the bearing load increases to a certain value, 
then uN/p,, is reduced to its critical value. Below the critical 
value of the modulus, the friction coefficient increases very rapidly 
with rapid heating and final destruction of the bearing.” 

The possibility of avoiding seizing, and breaking down of the 
film is primarily dependent on maintaining high values of uN/p,,. 
If the loads remained constant or decreased with increasing 
speed, the principal limit for high speeds depends on whether 
the coefficient of viscosity » is lowered, through heating, more 
rapidly than N increases. The lowering of the coefficient of 
viscosity is very susceptible to rising temperatures, since the 
viscosity varies roughly inversely as the cube of the temperature. 

The modulus uN/p,, is directly lowered by increase in bearing 
pressure. At increasing speeds the inertia loading on the pin 
becomes the major component and this increases as the square 
of the revolutions per minute. 

Thus, the bearing pressure increases with the square of the 
speed, so that the modulus uN/p,, decreases inversely with 
the speed. When uN/p,, is lowered to its critical value, we have 
the maximum limiting speed of the locomotive. 

From the load diagrams previously discussed it is possible 
to estimate the mean loading on the pin as a coefficient times the 


17 Locomotive pins undoubtedly operate with thin-film or boundary 
lubrication, primarily due to heavy loads and inadequate oil supply, 
with values of uN /pm below the critical pressure. 
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square of the speed, when considering the inertia forces as the 
primary loading. 

The limiting speed from bearing limitations therefore depends 
upon various factors: The mean bearing pressure and its law of 
variation with speed, the speed itself and the viscosity; these 
in turn all depend upon the design proportions of the bearing 
itself. The principal effect of the Zpv relation is the heating 
limitation which lowers the viscosity and thereby the capacity 
of the bearing through lowering the modulus uN/p,,. 

The entire subject of bearing design has been ably covered from 
the lubrication aspect by the A.S.M.E. papers of Howarth, 
Karelitz, and a recent paper by Dennison.'8 
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APPENDIX 1 
DYNAMICS OF THE STEAM LOCOMOTIVE 


In the following analysis only the major dynamical loading 
brought on driving and coupling axles, such as the piston loads 
and the reciprocating mechanism of the running gear, will be 
considered. 

For simplicity of analysis only one driving-wheel set will be con- 
sidered, so that the journal reactions at the journal boxes include 
the reactions of the coupling driving wheel sets. Later the 
resultant reactions at the journal boxes will be decomposed into 
the component reactions at the main driver and coupling axles. 

A sufficient first approximation will be to consider the main 
rod as weighted concentrated masses at the pin and crosshead, 
with the angular connection for the rod being neglected. The 
connecting-rod obliquity, however, will be taken into considera- 
tion. In this analysis the nosing of the locomotive will be neg- 
lected.'® The torque reaction coupling and the vertical reaction 
at the crosshead causing vibration of the spring system will also 
be neglected since these reactions have little influence in the 
longitudinal and angular motion in the horizontal plane. 

Any reciprocating part has a relative displacement S with 
respect to the frame and can be expressed as a function of the 
angular coordinate @ of the driving wheel. Let 


Z = tractive force at the base of the drivers assumed 
equally divided for right and left wheels 
Q = drawbar pull and Q,, its mean value 
M, = mass of frame, boiler and truck wheels including 
a term for their rotary inertia 
Mp = mass of driving wheels 
kp = radius of gyration of the driving wheels 
= mass of reciprocating parts, including main rod on the 
crosshead pin 
« = mass of counterbalance at the crank pin radius 
s = relative displacement of the piston 
z = Ré = displacement of the locomotive 
6 = crank angle for right crank from forward dead-end 
position 
R = wheel radius 
r = crank radius 
l = connecting-rod length 
L = cylinder centers 
a = frame centers 


_1*“Film Lubrication and Engine-Bearing Design,” by E. S. Den- 
nison, Trans. A.S.M.E., vol. 58, January, 1936, paper OGP-56-1, 
pp. 25-36. 

** “The Balancing and Dynamic Rail Pressure of Locomotives,” by 


a angie, Trans. A.S.M.E., vol. 51, 1929, paper RR-51-5, pp. 


The total kinetic energy has the form 


1 1 
T = 5 (M, + + 25 mali — 8)? 


J 1 
+E mle — + + 5 .. . [296] 


where 
E (@— a) + sin 20—«) | = ud... . [297] 
= —rsin (6— [298] 
Sy = rcos (6 — (299 ] 
and 


a = lag angle of any crank relative to the reference crank 
Evidently 


(z $y)? $y = 7? — 7292 


Hence 
1 
T = (M, + Mp + =m,)z? + 2 (M)Kp? + 6? 


1 
+25 — 8)? — sy [300 ] 


Since § = ué and &q = v6, where both u and v are functions of 8, 
then 


ds ) 
du, Bin _ 
20 
The work of the applied force (without slippage) is 


where 56s = uéé. 


At the driving wheel contact with the rail, the condition of 
rolling requires : 


Therefore 
Site — BW) @ [304] 


and no work is done at the rail. 

Now ZR = 9, so that Zix — 650 = 0. In the case of slippage, 
then Réé — 6x > 0 so that z and @ are independent. 

The total virtual work effecting the motion of the locomotive 
can in either case be expressed by 


= — Qix — [050 — 
ds 
= (2 66 + (Z—Q)éz...... [305 


where ZR = # = driving torque. 
The equations of motion of the locomotive are 


d /aT\ af ds 
— (— |—— = sP——@.......... 306 


d {oT oT 
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Without slipping, these equations are connected by the kine- 
matical condition for rolling, z = Ré. 

Equation [306] relates to the rotational and reciprocating 
motion of the moving parts relative to the main frame and is de- 
fined by the crank coordinate 6. Equation [307] relates to the 
translation of the locomotive as a whole, and is the momentum 
equation of the locomotive. 

From the expression of the kinetic energy, that is, Equation 
[300] and noting Equations [301], then 


(MpKp*? + + (ws +u 6? — 


and 


(My + Mp + + =m.) 


Fia. 27 


Neglecting the acceleration term, then, ¢ = 6 = 0, and 6 = 
w» = constant angular velocity of crank, so that 


2 
R 


ou ov 
— + | w =Z—Q 


r E (@—a) + 20— a) 


—r,sin (@— a), and 0v/00 = —+r, cos (@ — a), 
and where a corresponds to the phase for any crank angle. 


ANALYSIS OF THE INTERNAL REACTIONS 


Consider a single driving-wheel set so that the journal reactions 
include the reactions of the coupling driving-wheel sets, and the 
right crank leads the left. Then, as shown in Fig. 27 


20 Adding Equations [308] and [309], or directly, we obtain 
(Am + 4A) 6 + 1/2 [d(4A)/d6] 6? = ZPu—QR 
Therefore 
6 = {2(2Pu—QR) — 6" [d(4A/d8)) /2(Am — AA) 
6? = 2(AE + Eo)/(Am + AA) & w* 
where Ey + AE °( Pu —QR)d8 + 1/2A60’, Am = + MpKp? 
+ My = total mass, and AA = (u?— 2Ru) — 22m.RV. 


and 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


right-side piston load 
reaction on the main rod at the crosshead, right side 
left-side piston load 
reaction on the main rod at the crosshead, left side 
= main journal reaction, right side 
main journal reaction, left side 
tractive force at the rail, main driver 


For the relative motion of the reciprocating parts, let 
= in@ + 20 6 = 
r 
R sin OL sin URO 
for the right crank, and 


(oo 6+ sin 2 6 = u,6 [313] 


for the left crank. Where ug and u, are functions of the crank 
angle 6. 
The absolute motions of the reciprocating parts are 


ou 
Tir 


for the right side, and 


for the left side. 

Assuming the counterbalance approximately 180 deg out of 
phase with the cranks, then the accelerations of the counter- 
balance along the line of stroke are 


tcr = — 

for the right crank, and 

fo, = — 
for the left crank, where 

Ve = — sin 
v, = r,cosé 
06 


20 


= —r, cos 0 


= —r, sin 0 


For the rotational acceleration of the counterbalance, the 
relative acceleration is divided into a radial acceleration which 
has no moment effect about the wheel axis, and a tangential 
component which has a moment effect = 2m,r,2 6. In addition, 
due to the acceleration of the frame ¢ an additional moment 
effect equal to 


m,ér sin — m,ir cos = —m,i(v_e + v;) [318] 


is required. Therefore, the total inertia moment of the counter- 
balance about the wheel axis, is — + 0;). 
(A) For the motion of the reciprocating parts 


Pp — Pp’ = — Mpiir 


P, — = mpi, 


where mz, includes the weighted end of main rod on crosshead pin. 
Let S = main-rod thrust, then for either side 


| 
P, 
H, 
Le 
—im,iv = TPu—®........ [808] 
{|v + —@) =Z7—Q........ [309] 
where = ZR.” 
= 
M. 
| 
— 316] 
Pe Pe 
and 
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Scos¢@ = P’andS 
Ssin¢@ = Nand N 


ie) 
8 
33 


Noting tan ¢ = sin ¢ = (r/l) sin 6, approximately, then the re- 
action on the guides and corresponding vertical component on 
main pin is 


(B) Considering the kinetic equilibrium of the driving-wheel 
system, we note the foregoing reactions of the main rod on the 
crank pins, so that its equations of motion are 


H,—H, +Z—P,’ + P,! = Mpt + + [323] 


and 


P,'r(sin @ + 20) + P,'r(cos + sin 20)— ZR 
= (Mokp* + 2 m,r2)6 + m.i(sin 6 — cos @)r......... [324] 
or in terms of the velocity coefficients 


Pp'tg = (M pk p? + 2m,r?)6 + 


(C) For the motion of the locomotive frame 
P, — P, — Hy + H,—Q = Mf........ [325] 


On substituting, for the pedestal reactions at the boxes, Equa- 
tion [323] and the Equations [319] of motion of the reciprocating 
parts we obtain the equation of translation of the locomotive 


Z—Q = (M,; + Mp + 2 mg + 2m) — me + u,) 6 


ov L \ 


For the equation of motion of the rotating parts, substituting 
Equations [319] in Equation [324a]} 


Prup —ZR= {[Mpkp? + 2 6 


ou du 
+ uz”) + Up ( + uy 62 
we | — mvgt [327] 


where we note these equations are in agreement with the gen- 
eralized relations previously derived. Without slipping, ¢ = 


R6. Also, 
ie (sn 6+ 2 [328] 
u=—r 6+ sin 20) [329] 
= + (sino — F008 20) [331 ] 
06 l 


where the left-hand terms are the same as defined for Equations 
[316] and [317]. 
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Therefore, in a first approximation 
r2 
Up? + u,? = r? (: a [332 ] 


Hence, for the motion of the reciprocating and rotating parts, 
for a two-cylinder locomotive, approximately (neglecting z 
terms) 


— —ZR = | Moke + 


+ mpr? + 6 — mp ( + Uy . . (333) 


The last term is of cyclic nature per revolution of the drivers, 
and its mean value is nil. Due to the reversal of the piston load 
on the return stroke, the terms Ppup — P,u, have a mean value 
with a superimposed cyclic oscillation per revolution. The first 
term on the right can be neglected in the analysis of the variation 
of tractive force per revolution. On the other hand, for the mean 
acceleration of the locomotive we are concerned with the mean 
value of Ppug — P,u,, while the second inertia term on the 
right, which is of a cyclic nature per revolution, can be neglected. 


Errect oF TorQuUE REACTION 


The effect of torque reaction in a steam locomotive is mani- 
fested by the vertical guide-bar reactions at the crossheads. The 
turning moment on the drivers is equal to the product of the 
guide bar reaction and its distance from the main driver. 

In forward motion the reaction of the connecting-rod thrust 
results at the crosshead in an upward thrust on the guide bars, 
and at the driver in the equal and opposite downward thrust 
on the main pin. Let N = this mutual reaction, 1 = length of 
connecting rod, and ¢ = angle of obliquity of rod. Then, if 
S = rod thrust and P’ = horizontal component reaction at 
crosshead, then approximately 


N = P’ tan ¢ = 
The torque on the drivers is 
= P’rsiné + Nrcos@ = P’r (sine + sin 2 


The reacting torque on the frame manifested by the moment of 
the guide-bar reaction about the center line of the main driver is 
approximately 


= N (r cos + Lcos¢) = gin (r cos 6 + 1). [336] 


Therefore 
= = (sin 5 sin 20)... [887] 


Thus, the mutual reaction between the moving parts and the 
frame can be considered as (1) an upward thrust N on the frame 
and a corresponding downward thrust on the main drivers acting 
through the center line of drivers, and (2) a torque reaction on 
the frame and a corresponding driving torque on the drivers. 
The reactions become reversed on backward motion. 

It is important to observe that since 


P’ = S cos ¢ = P — (mg + [338] 


where mg + uw = reciprocating mass plus the mass of the rod at 
the crosshead, the expression for torque on the drivers and the 


4 
|_| 
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reacting torque on frame includes the inertia torque of the driving 
mechanism. 

The effect of torque reaction on the spring-borne parts, results 
in a change in the journal loadings. Let Jpg = distance from the 
main axle to the center of the rear equalization and J; = distance 
from the main axle to the center of the front equalization. The 
change in loading on the rear and front equalization is 


1 
AE, = ——[® 39 
and 
if r) [340] 


The height of the drawbar relative to the center line of the main- 
axle journal also influences the change in loading on the springs 
by an additional couple = Qh, where Q = drawbar load and h = 
height of drawbar relative to the main axle. 

The rail axle load for the main driver is not only affected by 
the change in journal load, but also by the vertical reaction 
component N of the main-rod thrust. Due to the concentrated 
nature of this latter loading and the distributed nature of the 
former, the main-axle loading is mainly influenced by the vertical 
component of the main rod thrust. 

In a simple two-axle-sprung locomotive with the drawbar at 
the height of the main axle and with the drive on the rear axle 
and the wheel base so that Jz = 0 and J, = 0, the change in 
rail axle loadings is 

AAp = 


1 
b 
and 


R 


1 
AA, = +0) = — [342] 


where Z,,R = *,, = mean torque and N,, = mean guide-bar 
thrust. This is consistent with overall conditions for weight 
transfer. 

Since the frame of the locomotive is spring supported, the pe- 
riodic variations of the torque reaction and the guide-bar reaction 
reduced to an equivalent force at the main driver set up oscilla- 
tions in the spring-borne parts. Such oscillations may result 
in a considerable variation in the journal loads, particularly 
when large vibrations occur in the critical-speed range of the 
spring system. 

If M = mass of spring-borne parts, with z, y, z as the coordi- 
nate axis along the longitudinal lateral and vertical directions 
with the origin at the center of gravity; the coordinate of the 
main driver = 2; the center of any spring system has coordi- 
nates z,, y,, With spring constant C,; and z = vertical dis- 
placement of the center of gravity; @ = angle of roll; and ¢@ = 
angle of pitch; and, further, assuming a simple-harmonic 
variation of the torque reaction ® and the guide-bar reaction N 
reduced to an equivalent force at main driver, then the equations 
of oscillation are 


Mz + =C,z— =C,2,¢ = N{sin (wt + a) + cos (wt + a). . [343] 
+ =C,2,26 — =C,2,2 = 
(® + Na) [sin (wt + a) + cos (wt + a)]...... [344] 
and 
1,,6 + =C,9,0 = N[sin (wt + a) — cos (wt + a)].. [345] 
Obviously this system has three normal modes of oscillation, 
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so that corresponding large fluctuations in the journal loads take 
place, when n? = =C,y,?2/7,, and when n;? and n;? are obtained 
from 
| (=C, — n*M), — =C,2z, 
| —ZC,2a) 


The large damping reduces the amplitudes considerably. 
APPENDIX 2 


It is important to emphasize in the consideration of loadings 
on individual axles that in all cases we are dealing with a more 
complex system of rigid wheel bases, whether for trucks or com- 
plete locomotive running gear. Through the spring suspension, 
both roll and vertical loadings are imposed on the journals. The 
lateral loading is transmitted by the truck at the pedestals. Fric- 
tion (or creepage) forces are imposed at the wheel treads so that 
the lateral forces must be augmented over their dynamic values. 
Leading and trailing axles obviously suffer greater lateral load- 
ings than intermediate axles, as, for example, in the middle axle 
of a three-wheel truck or the main driver of a locomotive. 

In view of the skewing of the wheel base, as on curves and on 
tangent track due to oscillations, the rotation of the wheel base 
takes place about its friction center (or creepage center). Thus 
a leading axle is subjected to the journal loads P; and P: from 
the spring suspension, the lateral reaction H of the frame, and 
the rail reactions at the treads consisting of the resultant lateral 
tread and flange reaction F; and the lateral friction force F, on 
the inner wheel together with the vertical reactions N, and N2, 
as shown in Fig. 28. Without roll the friction center lies along 
the longitudinal axis of the wheel base. With roll, since the 
tangential forces must be nil without traction and due to the 
change in loading on the outer and inner wheels, the friction cen- 
ter is laterally displaced. Neglecting this factor, we have ap- 
proximately 


uN, 


[z? + G/2)?] 


Vv [z? + (G/2)?] 
where Y; is the flange reaction, x is the distance of a leading axle 


from the friction center, u is the coefficient of friction, and the 
other notations are as shown in Fig. 28. Due to the lateral fric- 


F, = 


and F,; = 
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tion force F2, the bending moment is increased at the wheel hub 
of the inner wheel over that assumed in the discussion of the 
Reuleaux method for designing car axles. 

It is important to observe in some cases with long wheel bases 
that the lateral reaction of the inner rail on a trailing axle may 
exceed considerably that of the outer rail on a leading axle. 
Articulations may also transfer the lateral reactions from the 
outer to the inner rail, or vice versa. 
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Discussion 


The Prevention of Failures of 
Surface-Condenser Tubes’ 


M. H. Curtey? anp Jpsse Cari, Jr.? The authors are 
fortunate in obtaining a tube life of approximately five years, 
inasmuch as a two-pass condenser at the Northport plant of the 
Long Island Lighting Company had to be retubed every three 
years and the third year of life is only obtained by the use of 
similar inserts as the authors describe plus increased frequency 
of shutdown to find and plug leaky tubes. However, there are 
a great number of plants located along the seacoast of the country 
that are experiencing a very high annual cost for condenser-tube 
replacements and it is certainly time that these tube failures be 
investigated to determine just what predominating factors are 
causing them, and then to find either a metal that will withstand 
the action or a design that will eliminate the cause. 

In Fig. 1 of the paper the authors show what they call a bush- 
ing which is installed at the inlet end of each tube and then im- 
ply that turbulence and air liberation will not cause the inlet- 
end wastage of tubes, but that longer tube life was obtained by 
the use of these bushings. The writers cannot agree that air 
liberation can be eliminated as the cause of tube attack but, 
rather, that the bushing, by the shape of its bell and throat has 
eliminated the void due to the vena-contracta effect of the flow- 
ing water. The action just beyond the end of the bushing may 
be and probably is, a result of slight cavitation due to the dif- 
ference in diameter of the inside of the bushing and the inside of 
the tube just beyond the bushing. From the authors’ statement 
that the bushings have to be replaced before the wastage be- 
yond the bushing becomes serious indicates that the longer tube 
life is obtained only by protecting the tube with the bushing. 

In connection with Fig. 2 of the paper the authors mention 
that observations showed a highly turbulent mixture of air bub- 
bles in the water and occasional ribbons of air in the form of 
whirlpools from the mid-position of the water box to the tubes. 
It would be of interest, in connection with these observations, 
to know whether or not the authors have made any determina- 
tions with reference to the zero-pressure point in the water-cir- 
culating system. The writers do not quite understand the method 
of using the two circulating-water pumps, especially in con- 
nection with the statement that two pumps are used instead of 
one to reduce velocities. The writers assume it is necessary to 
operate both pumps at full speed for full load on the unit, espe- 
cially in the summer time and that for lesser loads or with the cool 
winter water, both pumps are operated at a reduced speed, or 
one pump operated at full speed. 

Under the heading of “(Cavitation and Corrosion,” the authors 
present Fig. 3 showing the location of the greatest number of tube 
failures and when you consider the physical layout of the pump 
connections, it is very clear that there must be some reason not 
yet brought out why the tube failure in the left half of the con- 
denser is near the top but in the right half of the condenser, it is 
just below thecenter. The difference in location of the maximum 
tube failures in the two halves of the condenser with the two cir- 
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culating-water systems being apparently identical, would indicate 
that there must be some marked difference in the amount of cir- 
culating water passing through the two halves of the condenser 
due either to different speed of the motors, slight variation in 
valve openings, possible air leakage at the suction of the pump, 
or some other undiscovered cause. The foregoing remarks are 
based on the assumption that the tail-end connections of the 
circulating-water system are identical. 

The authors state that “‘if the existence condition for the vapor 
disappears through increase of pressure, the vapor will condense 
or collapse, and an exceedingly high pressure will occur due to the 
impact of the water filling the vapor space from all sides.”’ As- 
suming this statement to be correct, the authors’ reasoning from 
then on cannot be followed. This hypothesis would eliminate 
the action just beyond the insert as the pressure would decrease as 
the tube opening is slightly larger than the inside of the insert, 
causing a reduction in pressure. 

Under the heading ““The Prevention of Cavitation,” the authors 
state that the rotation of the water to form these vortices was 
effectively stopped by running two circulating pumps at re- 
duced speed and guiding the flow from the two entrances by 
vanes. The authors do not, however, state whether they ob- 
served that running the two circulating pumps at reduced speed 
eliminated the vortices before the installing of the vanes so we 
are left to wonder whether the elimination of these vortices was 
the result of pumping less water by running the pumps slower 
or was wholly due to the vanes. Also, what was observed after 
the installing of the vanes when the two pumps are run at full 
speed? 

The investigation made at the Northport Station of the Long 
Island Lighting Company was conducted ona 19,000-sq ft two- 
pass condenser containing 4000 1-in. outside diameter 18-gage 
tubes 19 ft 8'/, in. long. The inlet and outlet of the condensers 
are both at the front end, the front water box being divided by a 
baffle extending from a 10 o’clock position to a 4 o’clock position. 
The water enters at the bottom of the first pass at right angles to 
the tubes and tangent to the bottom of the condenser shell. The 
outlet is also at right angles to the tubes and tangent to the top 
of the condenser shell. The front tube sheet is drilled for rolling 
of the tubes and the rear tube sheet is tapped for ferrules. There- 
fore, at the inlet of the first pass the tubes are rolled, and at the 
inlet of the second pass the tubes have ferrules. The circulat- 
ing-water pump is mounted on the floor of a dockhouse, about 
150 ft from the condenser, the center of the pump being 6 ft above 
extreme high tide and about 18 ft above extreme low tide. The 
water is carried from the discharge of the pump in a 36-in. pipe 
to the condenser and the tail pipe extends approximately 200 ft 
from the discharge end of the condenser, discharging under water 
in the harbor. 

This unit was put into operation in February, 1926, and has 
been retubed three times, the last retubing being in October, 
1936. This experience gives approximately 3'/; years life of 
the tubes, but in each case the third year life has been obtained, 
as mentioned previously, by using inserts and with an ever-in- 
creasing frequency of shutdown to stop leaks. 

The first set of tubes was of the usual drawn Admiralty metal; 
the second set was also Admiralty metal, made by the cup-drawn 
method; and the third set was an alloy containing 70 per cent 
copper, 2 per cent aluminum, | per cent nickel, and the balance 
zine. 
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The last set, installed in October, 1936, consisted primarily of 
aluminum bronze, and contained 76 per cent copper, 2 per cent 
aluminum, 0.03 per cent arsenic, and the balance zine, finished 
hard. These tubes had a tensile strength of approximately 
95,000 lb per sq in., an average elongation in 2 in. of 10 percent, 
and a Rockwell hardness of 93B. These tubes were made by 
the extrusion method. 

For experimental purposes, three different areas were selected 
in which the tubes have failed most rapidly in the past and in 
these areas 200 tubes were inserted for test; of this number, 100 
were aluminum-bronze tubes of the same mixture as the main set 
but were given the usual finish anneal. The other 100 tubes, 
also made by the extrusion process, had a slight nickel content, 
containing 70 per cent copper, 2 per cent aluminum, 1 per cent 
nickel, 1 per cent tin, and the balance zinc. Half of the latter 100 
tubes were finished hard-drawn, unannealed; the others were 
given the usual finish anneal. 

These experimental tubes are arranged in the form of a square, 
the outside of which is 9 tubes each way, all being of annealed 
aluminum brass. Immediately inside of this square is another 
square consisting of 6 tubes on each side; this inner square con- 
sists of the tubes of copper, aluminum, nickel, and tin alloy, the 
soft and hard tubes being alternated. The rest of the interior of 
the square consists of the standard aluminum-brass tubes used 
throughout the balance of the condenser. 

During the first week in May, 1937, salt water was found in the 
condensate as a result of two leaking tubes located in the lower 
central area of the first pass. Both tubes that failed were the 
annealed nickel alloy and their failure was the typical inlet ero- 
sion-corrosion. The action started within '/2 in. of the inlet end 
and the tubes were badly pitted and corroded for the next inch, 
extending practically all around the tube. 

Incidently, when the condenser was retubed the last time, the 
tube sheet was flared where the tubes are rolled in at the first pass, 
and the tubes were belled into the flare of the tube sheet. At 
the inlet of the second pass, Crane packing was used, the tubes 
and packing being flushed with the tube sheet. 

While the condenser was out of service, the tubes were ex- 
amined at the inlet end of the first pass by feeling with the finger 
on the inside of the tube and determining, from physical contact, 
whether or not the inside of the tube was roughened and to what 
degree. For purpose of comparison, we expressed the degree by 
the terms smooth, slightly rough, rough, and very rough. By 
checking the chart of the tube sheet on which has been recorded 
the different types of tubes for test purposes, we found a very 
marked difference between the hard-drawn and the finish-an- 
nealed nickel-alloy tubes. The soft tubes all show very definite 
pitting and are all classified as rough or very rough, whereas the 
hard tubes were classified as smooth, with some classed as slightly 
rough, indicating that the hard tube is standing up better than 
the same tube with the finish anneal. On examining the alumi- 
num-bronze tubes so as to compare the hard versus the annealed 
tube, we can only say at this time that the aluminum-bronze in 
general seems to be standing up better than the nickel-alloy tube, 
but we would not be willing to say whether the hard tube is doing 
better than the soft tube. 

It may be of interest to know that in February, 1931, we in- 
stalled in this condenser 50 aluminum-bronze tubes made by a 
foreign manufacturer, the analysis of which was 76.2 per cent 
copper, 0.01 per cent lead, 2.74 per cent aluminum, 0.032 per 
cent arsenic and 20.948 per cent zinc. The tensile strength of 
the tube was 102,200 lb per sq in. and the Rockwell hardness was 
97B. Some of these foreign-made tubes have failed from local 
cell action, some from having a mussel shell stuck in the tube, 
causing high local action, and some have been removed for ex- 
amination. We still have 25 of these tubes in service and today 
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they show only a slight indication of impingement or erosion-cor- 
rosion attack. Their classification would be slightly rough. 

In November, 1933, when we installed inserts so as to put off, 
as long as possible, the retubing of the condenser, we installed a 
number of tubes of a high nickel content, the alloy being 29 per 
cent nickel, 1 per cent tin and the balance copper. This group 
of tubes was likewise installed in the form of a square, alternating 
the nickel tube with a standard Admiralty tube. At the time 
of retubing in 1936, about half of these tubes were left in service, 
the rest of the tubes having failed or been removed for examina- 
tion. 

From our experience, the writers have noted the following gen- 
eral conditions: 


1 That the action occurs very near the inlet end of the tubes, 
in both the first and second passes. 

2 The most rapid deterioration takes place in tubes in the lower 
section of the first pass and in the upper section of the second 
pass. 

3 Those tubes located near the shell of the condenser are least 
affected and about 400 tubes near the shell were not replaced in 
1932. 

4 Zinc plates installed in the water box may or may not have 
been of benefit but, as they only lasted two or three weeks, they 
were discontinued. 

5 Inserts or tube bushings are a means of obtaining a longer 
life on the tube as a whole, but the inserts are attacked at about 
the same rate as the original tubes in which they are inserted. 
One trouble with the inserts is their tendency to become loosened 
and in the last set that we used, they were fastened firmly in place 
by means of condenser-tube cement. 

6 Of the different alloys we have tried, the following is the order 
in which they have failed: (a) alloy of copper, nickel and zine— 
a little over one year; (b) Admiralty metal—a little over two 
years; (c) alloy of 29 per cent nickel, tin and copper—about 
three years; and (d) the foreign aluminum bronze—over six 
years. 


Condenser-tube replacements are becoming a major item of 
maintenance in most of the tide-water power plants and engineers 
should decide that something can be done about it. This, of 
course, means the fault is either in the present conventional de- 
sign of circulating-water system and changes in it are necessary 
to eliminate the trouble or the tube manufacturers must make a 
tube which will withstand the action now taking place in the 
present-day tube. 

About seven or eight years ago, when the first tubes in our 
unit started to fail and an examination showed that we were 
faced with a retubing expense, we wondered why the tubes in 
this unit failed so rapidly when we had a 6000-kw unit, using the 
same circulating water with no tube trouble after six years of 
operation. We visited many of the plants along the northern 
Atlantic seaboard, obtaining analysis of the oxygen content, 
where possible, of the water, at the different plants, and infor- 
mation as to sewage content, if any, corresponding with other 
plants along the Altantic seaboard and some on the Pacific sea- 
board. After obtaining as much information as we could, we 
checked off those using salt or brackish water that had rapid tube 
failures as against those that had long life or practically no tube 
failures, and found the following general characteristics. 

1 With high sewage content, there is usually very low or no 
oxygen content with high cleaning expense but no tube trouble. 

2 With good clear clean salt water, plenty of mussels in the 
vicinity, the sewage content negligible or low, we found high oxy- 
gen content, which, of course, is to be expected or the mussels 
could not exist. Most of these places had serious tube trouble. 
The only ones free of the trouble seemed to be those where the 
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circulating pump was so located that the water went through the 
condenser under pressure 

We installed observation windows in one door of each con- 
denser and a large lamp in a watertight fixture within the water 
boxes, and over a long period of time noted that when there was 
a pressure at the pump discharge, the water in the water box was 
perfectly clear but that when the discharge at the pump ap- 
proached zero or became negative, the water in the water box 
had a milky appearance, indicating that it was full of small air 
bubbles. 

From the foregoing, we are inclined to believe that the destruc- 
tive attack, known as inlet erosion-corrosion is a result of free air 
in the circulating water and this free air is a result of the suction 
lift of our circulating pumps, which pulls the air in the water out 
of solution, and when the discharge is below or near zero pres- 
sure it remains free as it passes through the condenser. How- 
ever, when the pump is so located that the suction lift is low, 
' zero, or under a slight positive head, there is then considerable 
pressure at the pump discharge, and if any air is pulled out of 
solution by the suction lift, it goes back into solution when the 
water is put under pressure at the discharge and there is then 
little, if any, inlet erosion-corrosion attack on the condenser tubes. 


H. N. Borrcuer.‘ The selection of the title of the paper ap- 
pears to be rather unfortunate. To the uninitiated, in combina- 
tion with the subject matter, it might suggest that inlet-end cor- 
rosion is the only trouble still to be taken care of in the fight 
on condenser-tube failures. However, the authors apparently 
did not intend to convey this impression. Condenser-tube cor- 
rosion is one of the most complex problems in the deterioration 
of power-station equipment especially as so many factors enter 
into it that any generalization is misleading. 

As far as service with brackish water is concerned, for instance, 
dezincification is still a fairly rapid type of corrosion in many lo- 
cations with Admiralty-metal condenser tubes. Furthermore, 
the higher water velocities in the tubes of many modern con- 
densers have caused more or less rapid failure by air impinge- 
ment either throughout the tube length or along some sections, the 
distribution depending apparently cn the presence and extent of 
turbulence. In many cases, the only cure seems to be the use of al- 
loys of higher resistance to corrosion. The selection of the 
material, especially copper-nickel alloys and brasses containing 
aluminum, depends on the local conditions and apparently can 
be guided largely by the type of corrosion experienced with tubes 
of Admiralty metal. Caution is advised by the fact that the 
alloys are superior to Admiralty metal only when used under 
the conditions to which they are especially adapted and may 
cause disappointments otherwise. As the paper deals with some 
aspects of inlet-end corrosion only, further discussion of these 
conditions appears to be outside of its scope. 

The presence of severe turbulence in the water boxes of con- 
densers has been suspected for a long time. Therefore, the ob- 
servations made by the authors are timely, interesting, and in- 
structive. The intimate mixture of water and air observed by 
them suggests that the various attempts which have been made 
in many cases to separate the air from the water and to remove it 
have been rather futile. It appears that proper design of pumps, 
piping, and water passages would offer the only possibilities for 
reducing the air content of the circulating water. 

The concentration of tube failures in areas affected most by 
vortices in the water box appears to indicate a definite relation- 
ship. Though experiences with similar types of failure suggest 
the use of a different alloy as one possible means of remedy, the 
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removal of the cause of trouble, wherever possible, is decidedly 
preferable. It is reasonable to expect, therefore, that guide vanes 
which have eliminated the vortices should be effective also in de- 
creasing tube losses. 

As far as the mechanism of the deterioration of the tube metal 
is concerned, the evidence produced and intended to prove the 
presence of destructive cavitation is not convincing. As happens 
with many discoveries, cavitation has become fashionable and 
is being blamed for a lot of grief, sometimes unjustly. 

Velocity is only one of several factors of importance with re- 
gard to producing destructive cavitation. Inasmuch as cavita- 
tion is a mechanical type of attack, its effect depends largely on 
forces which sharpen or soften the blows of the water at collapsing 
steam bubbles. Noncondensing gases have long been proved to 
have a cushioning effect in this respect. Under the conditions 
present in the tubes, it is inconceivable that the large amounts of 
finely divided air observed in the water would permit any ap- 
preciable destruction by cavitation, quite apart from the fact 
that this air would retard the development of the low pressures 
necessary for initiating the flashing of the water into the bubbles 
of steam needed to give cavitation effects. 

It appears possible that the forces of cavitation are so small in 
some cases that no destruction results. Otherwise, the type of 
attack is definite to such an extent that the effect is varied al- 
most only by the physical condition and properties of the mate- 
rial exposed to it. Admiralty metal is of a type which makes 
the cycle suggested by the authors appear extremely improbable. 
The type of corrosion to be expected in pits of this material is 
very much different from those inferred by the paper as being 
present. Accelerated local corrosion almost invariably leads to 
more or less rapid penetration of the tube wall by pits which are 
usually filled with copper crystals redeposited during the elec- 
trolytie process of dezincification. Experimental work indicates 
that cavitation on Admiralty metal would produce cold defor- 
mation with strain hardening followed by removal of small pieces 
and fatigue cracks,5* for example. Both service experience 
and experiments have shown the effect of corrosion with de- 
structive cavitation to be negligible with metals of the high cor- 
rosion resistance of Admiralty metal. The suggested cycle 
would necessitate, therefore, the assumption that cavitation was 
entirely discontinued whenever it had pitted the surface and that 
corrosion, then, took place in such a way that the metal between 
pits was removed. It has been intimated that cavitation might 
break up the scale formed by corrosion at the tube surface. The 
film of corroded metal formed by initial corrosion, though thin, 
is known to have considerable protective value and to be of great 
importance with regard to the inhibition of destructive corrosion. 
Unfortunately, little is known regarding its physical properties. 
If it be brittle, it is possible that cavitation blows too light to 
have any effect on the metal itself might cause localized crack- 
ing of the protective film, thus initiating galvanic action or bar- 
ing the metal to air-impingement attack. This possibility ap- 
pears to deserve closer investigation and consideration. 

As most types of destruction result in definitely defined ap- 
pearances, it would be desirable if the authors would supple- 
ment their paper with illustrations of the affected areas. If ex- 
perience gained under similar conditions applies, the writer would 
suggest that the destruction is one of the many types of “air 
impingement.” This type of attack has been investigated rather 
thoroughly in the past. The mechanism is not entirely me- 
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chanical as with cavitation, but is chemical-mechanical. Depend- 
ing on conditions, selective or locally general surface corrosion 
is followed by rapid removal of the products of corrosion by 
the scrubbing action of water or water-air mixtures moving at 
high velocities. Either straight flow or jet conditions or tur- 
bulence may give these effects; with turbulence the more likely 
cause in a condenser tube. In this case, air, especially when 
finely divided, is an accelerating factor as it speeds up corrosion. 
The appearances resulting from impingement, though varying 
greatly, are distinctly different from those of surfaces deteriorated 
by cavitation. An interesting fact is that surfaces resulting 
from air impingement often appear metallically clean. As a 
matter of fact, the attack can be retarded or even stopped by the 
formation of an oxide layer of sufficient thickness, or by coating 
the metal with a film of corrosion-resisting material. End corro- 
sion in one of our condensers was suppressed by the spraying on 
of a thin film of bakelite. This method, by the way, would have 
been ineffective in the case of cavitation. 

The criticism given in this discussion is not intended to de- 
preciate the value of the paper. Regardless of the mechanism 
of the failure, the methods used by the authors to break up the 
vortex conditions in the water box may prove to be an extremely 
practical and effective method of combating not only the inlet- 
end type of attack, but possibly other types of impingement af- 
fecting greater lengths of the tubes. The method of controlling 
flow conditions rather than attempting the futile removal of air 
deserves to be tried out in other condensers as well. 


J.T. Kemp.’ Pitting, distinct from general reduction in wall 
thickness of general dezincification, is not uncommon in con- 
denser tubes, but its causes have not been well-understood. 
Roughened tube surfaces will pit. Impure metals are believed 
to pit. Mechanical wear by solids may excavate pits and grooves. 
Electrolysis is often charged with this effect, although the laws 
of current flow would seem to be violated if electrolysis were ac- 
tive in most cases. Corrosive materials in the circulating water, 
especially industrial wastes, take their toll in tube-wall metal. 
Air in bubble form and dissolved oxygen must be included in 
the roll of destructive agencies familiar in discussion. The word 
impingement has its vogue. Impingement conveys an idea of 
violence that is interpreted by many as signifying showers of de- 
structive air bubbles or finely divided solids in suspension acting 
in the manner of a sandblast. Obstructions such as stones, 
shells, bits of cinder caught in a tube or dents, produce pits in 
their shadows. Even vibrations may cause internal pitting if a 
tube“‘rattles” in a support sheet or against other tubes hard enough 
to scar the outside. It can be shown that stationary air bubbles 
attached to a metal surface will start pitting action. In the 
light of the vapor-pressure relations that the authors call atten- 
tion to, especially in view of the brief time element evidently 
necessary, there seems to be something of a common factor run- 
ning through all these causes of localized corrosion within con- 
denser tubes. 

The vena contracta at the entrance ends of condenser tubes 
has been recognized in very practical and largely effective fashion 
in the evolution from ferrules to bellmouth. But has design 
gone far enough at this point? 

Corrosive conditions may be set up in apparently harmless 
circulating water before the tubes are reached. High-speed cen- 
trifugal pumps are blamed by some plant and marine engineers 
for causing short tube life. The drop in static pressure below 
atmosphere at some point within a condenser set high above out- 
side water level may cause precipitation of air, may even cause 
inward leakage under the water-box covers or around bolts if 
the gaskets are not tight. Such leakage is hard to detect. To 
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these conditions the authors now add pressure drop in vortices 
and eddies within the water boxes themselves. 

Perhaps the matter of water velocity within condenser tubes 
and the destruction of tubes sometimes charged to the higher 
velocities will on mature analysis turn out to be but another 
phase of this same matter. If so, it will focus attention further 
upon the design of water boxes, and the design and location of 
supply and discharge nozzles, piping and pumps, all to the evolu- 
tion of something more in line with the principles of smooth hy- 
draulic flow than the construction so largely standardized today. 
It may even be ventured that the extreme velocities used in 
Naval designs may not be seriously destructive to tubes if water- 
flow to and into the tubes is so directed as to avoid sharp changes 
in direction, eddies, and vortexing, all of which are productive 
of the effects observed by the authors. 

Condenser tubes of many kinds are available today. Some 
of the newer ones stand up remarkably well under the increasingly 


severe operating conditions of power-generating stations and ° 


ship propulsion. Several alloys have excellent powers of resist- 
ance to corrosion by bubble-laden sea water. American tube 
miils have been modernized in recent years. The introduction 
of electric annealing, the extrusion press and tube reducing rolls 
were in their ways more revolutionary than the adoption of four- 
high continuous mills in rolling sheet metal. 

There is a further phase in the matter of condenser-tube cor- 
rosion not touched upon; that is, the actual mechanism of the 
removal of metal. The references and the experimental work 
of the authors approach it, but there is need for some further 
correlation of observed effects with the nature of chemical action. 


C.O. Evans.§ For the sake of discussion, the paper may be 
divided into three parts relating to (1) original tubes installed 
prior to 1910, (2) Replacement cup-drawn tubes, and (3) tur- 
bulency and entrained air in the water box. 

It is safe to assume that tubes originally installed were made 
by the cast-shell process and no doubt were made to conform to 
the standard Admiralty-tube specifications in effect at that time. 
It is evident from the paper that the service life of these tubes 
was not satisfactory. Upon replacing these tubes, inserts were 
used at the inlet end to give protection, which of course changed 
the operating conditions with resulting improvement in the ser- 
vice life; this has inevitably been the result when special atten- 
tion has been given to problems involved in operation. How- 
ever, action did occur on the replacement tubes, and resulted in 
the use of longer inserts which extended this action still further 
into the tubes. 

The writer believes that the following three conclusions can be 
drawn from the paper: 

1 The process by which the tubes were made contributed noth- 
ing to the wearing-away action of the water at the inlet end, and 
the tubes first used operated under less advantageous conditions 
from the standpoint of service life than the replacement tubes. 
Therefore, it is not correct to assume that any improvement in 
service life between the early tubes and the tubes used with in- 
serts can be attributed to any difference in the tube structure 
that might have occurred. 

2 Operating engineers should give just as much attention to 
the design of water boxes from the standpoint of volume, number 
of times per minute the water box is filled and emptied, and the 
design and location of the circulating pumps and pipe connections 
from the pump or pumps to the condenser as they give to the 
tubes. 

3 From this report it is apparent that the failure of the tubes 
was due to causes outside the tubes themselves, and relief was 
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afforded by instituting changes in the water box and not from 
changing the process by which the tubes were manufactured. 

During the past several years, the company with which the 
writer is associated has recommended on numerous occasions 
that turbulency in the water boxes of condensers be kept at a 
minimum in order to reduce tube failures. It is gratifying to 
have these recommendations confirmed by the authors of the 
paper. 


N. W. It has been brought out in the paper that 
localized destructive cavitation may occur on a condenser tube 
at places where isolated pieces of scale or other foreign materials 
are in contact with the tube surface. It is agreed that in many 
cases the corrosion which occurs under or adjacent to these for- 
eign materials is due to local areas of high water velocity and low 
pressure resulting in destructive cavitation. 

Destructive cavitation is probably the cause of corrosion when 
the pitting occurs on the downstream side of the foreign material. 
It should be mentioned, however, that frequently where foreign 
materials rest on the surface of condenser tubes corrosion occurs 
because of differential aération. This form of corrosion, which 
is well-described by Evans,!° results when a portion of the metal 
surface such as that immediately below the foreign material is 
relatively deficient in oxygen, whereas portions of the surface 
adjacent to the foreign particle are relatively well-supplied with 
oxygen. Those surface portions relatively deficient in oxygen 
become the anodes of galvanic cells in which the portions of 
metal relatively rich in oxygen are the cathodes. The anodic 
areas go into solution at an accelerated rate and the corrosion 
usually results in deep pitting of the metal. Differential aération 
or ‘deposit attack’”’ has been observed in cases where it is very 
doubtful whether the water velocity was high enough to result 
in destructive cavitation. 

In alternate immersion corrosion tests the writer has used ten- 
sile-test specimens of sheet metal, obtaining losses in tensile 
strength as a measure of corrosion resistance. It is the write7r’s 
practicein moderately and slightly corrosive solutions to accelerate 
the rate of corrosion by placing a piece of cotton cord against the 
middle of each side of each specimen, the cord lying against the 
surface normal to the long dimension. Pitting occurs immedi- 
ately below the cotton cord. Under the conditions of the test 
the rate of movement of the specimens relative to the water is 
far too slow to cause cavitation. In this case then the cause of 
the attack is probably differential aération. 


W.B. Price.'' It is interesting to note that the use of a re- 
placeable inlet-end bushing was successful in prolonging tube 
life. In this connection a somewhat similar method was used 
in combating a particularly severe case of end corrosion of con- 
denser tubes in an installation where tubes were failing after 
a service life of eight months. For the protection of the inlet 
ends of the tubes, inserts of a copper-nickel-tin alloy were ce- 
mented into the tubes with a special condenser-tube cement. In 
order to avoid certain objectionable features of the conventional 
inserts having large-diameter bells, these inserts were specially 
designed to fit the tube ends closely, thus eliminating protrusion 
into the water box with its consequent turbulence and the possi- 
bility of dislodging the inserts, and also affording an unobstructed 
view of the tube sheets during test. The inserts were internally 
reamed to a knife-edge on the downstream end to avoid turbulence 
at that point. Inlet-end corrosion was greatly retarded by this 
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installation and the life of the tubes was increased several times. 

In some cases, a periodic painting of the tube ends with bitu- 
mastic or other wear-resistant paint has been effective in reducing 
tube losses; months have been added to the life of leaky tubes 
in some instances by painting. 

Some of the newer condenser-tube alloys have shown excellent 
resistance to erosion-corrosion attack by the circulating water. 
Aluminum-brass condenser tubes, in particular, have given ex- 
cellent service in installations where previously Admiralty metal 
tubes failed in a relatively short time as a result of inlet-end cor- 
rosion. In certain installations, finish-annealed tubes gave 
satisfactory service while in other installations, where conditions 
were particularly severe, hard-worked tubes were distinctly su- 
perior to the finish-annealed tubes. 

There have been numerous cases on record where inlet-end 
attack of condenser tubes has been very markedly retarded or 
entirely eliminated by correction of the underlying causes, that 
is, entrained air and turbulence of the circulating water. In the 
present case, however, the authors obtained little or no improve- 
ment in their efforts along such lines, and after further study and 
observation they have attributed the inlet-end attack of con- 
denser tubes in their installation to destructive cavitation. The 
results of their research on this subject are encouraging and are 
a further contribution to our knowledge of the factors which in- 
fluence condenser-tube deterioration. 


Bert Hovucuron.'? This paper gives an interesting history 
of the efforts of the Boston Edison Company to reduce condenser- 
tube failures by analyzing the causes, and of the changes which 
they have made as the result of such analyses. It is interesting 
that the attack of this problem made by power-plant engineers, 
manufacturers of tubes, and manufacturers of condensers has 
not only resulted in improved tube life in general, but also, in a 
decided enlightenment of the conditions existing in condensers 
and of the factors affecting tube failures. As the authors point 
out in their paper, inlet-end wasting of the tubes has been the 
cause of a very fair proportion of tube failures. 

Not satisfied with the progress that has been made in recent years 
to improve this situation, the authors have further investigated 
the conditions existing in the inlet water boxes of condensers 
and by a mathematical analysis have shown that although cavita- 
tion might not off-hand seem possible it does exist at the inlet 
of the tubes. Experience in the past with other equipment has 
shown that cavitation can cause wasting away of metal. Having 
proved that cavitation is possible in certain sections of the con- 
denser it is reasonable to believe that it is a contributing cause 
to inlet failures. 

Those engineers to whom the failure of condenser tubes is a 
problem will be very much interested in following the results of 
the authors’ investigation and to know whether or not the recent 
installation of guide vanes in condensers of the Boston Edison 
Company for the purpose of reducing cavitation materially re- 
duces wasting away of condenser-tube metal at the inlet of the 
tubes. 


AutHors’ CLOSURE 


Mr. Boetcher’s criticism of the title of our paper is readily 
accepted. ‘Prevention of Certain Types of Tube Failures” 
might have been more appropriate. 

We agree with Mr. Boetcher that in many cases selection of 
tube materials adapted to the existent conditions is the best 
cure for the deterioration of tubes. This is true whether the 
damage is due to cavitation or due to corrosion. Certain alu- 
minum bronzes, for example, have a resistance to cavitation 
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that equals the resistance of stainless steel, while the latter is 
superior if certain corrosion conditions exist. 

We furthermore agree with Mr. Boetcher that pure-cavitation 
damage can be recognized as such in comparison with pure- 
corrosion damage. If, however, both destructive forces play 
a part, it is exceedingly hard to judge their relative importance 
from the resultant damage. For example, cavitation tests on 
cast iron in salt water showed, within thirty minutes, damage 
twice as severe as that observed in fresh water. This indicates 
that, in but thirty minutes, the corrosion had been accelerated 
by cavitation. 

We certainly did not intend to show that cavitation alone 
causes tube failures, as Mr. Boetcher implies. We believe only 
that with the condenser in question the presence of cavitation 
explains logically the localized tube failures, localized both as 
to tube location and to damage within individual tubes. If the 
liberation of air and the fine distribution of air in the water is 
mainly responsible for the damage, it is hard to explain why the 
most serious damage is localized at the beginning of the tube, 
and is not distributed over its whole length with increasing 
damage toward the discharge end, where the pressure is lowest. 

Mr. Boetcher uses the term “air impingement” several times 
in his discussion. This term has been very loosely used by 
many in the past, and we have never seen a satisfactory and 
convincing definition thereof. 

In further elaboration of the suggested cycle of destruction, 
may we add that cavitation is a periodic phenomenon and, 
within a certain area, it is quite accidental where the collapse 
of vapor and the resulting damage occur. Considering, further- 
more, the instability and the wandering of the vortices in the 
water box and the variation of the tide, it is conceivable that 
any damage due to cavitation is well-adapted to starting corro- 
sion damage which is intensified by the liberation and the com- 
pression of oxygen. 

Messrs. Curley and Carll have made several statements and 
asked questions that require answers. 

Condenser-tube failures have been the subject of intensive 
study for many years, from three angles, viz: condenser manu- 
facturer, tube manufacturer, and users. The reports of the 
A.S.M.E. Special Research Committee on Condenser Tubes, of 
which Prof. A. E. White is chairman, are mute evidence of co- 
operation and accomplishment. 

Inasmuch as there is no absolute “zero-pressure point”’ in the 
water circulating system, no answer can be given to this ques- 
tion. 

Our paper states that two circulating pumps were used at 
reduced speed. The capacity of one circulating pump is nor- 
mally sufficient for all turbine loads in any season. 

The difference in location of maximum tube failures in the two 
halves of the condenser are best explained as a hydraulic phe- 
nomenon due to small differences in the physical characteristics 
of the two halves of the condenser and connected pumps and 
piping. The two circulating pumps, when run singly, operated 
approximately the same number of hours. Vortex location was 
changed but still existed when running two pumps at reduced 
speed prior to installation of the vanes. The vanes stopped the 
formation of the vortices, but the vane layout required the nor- 
mal operation of two pumps. When both pumps were run at full 
speed with the vanes installed, no vortices were observed. The 
increased power requirements of full-speed operation of both 
pumps is never justified in this installation. 

The authors cannot entirely agree with the conclusion of 
Messrs. Curley and Carll that “the destructive attack, known 
as inlet corrosion erosion is a result of free air in the circulating 
water,” as we have explained in our answer to Mr. Boetcher. 
We do agree, however, that the pressure of the water entering 
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the tubes from the water box affects inlet-end wear of the tubes. 
Water pressure and temperature define the conditions which 
produce cavitation; the higher the pressure and the lower the 
temperature, the less likely it is that cavitation will occur. 

Mr. Kemp’s contribution to the discussion is appreciated in 
that he states his belief that there is a common factor running 
through all the causes of localized corrosion within condenser 
tubes and that that factor is the vapor-pressure relation de- 
scribed in the paper. Unwittingly, perhaps, Mr. Kemp has 
indicated a cause of internal tube failure, i.e., vibration, which is 
the actual and latest method used in experimental work on cavi- 
tation at the Massachusetts Institute of Technology. A sample 
of material, not necessarily metal (cavitation has been observed 
repeatedly on glass, plastics, and hard rubber), is accelerated 
at high frequencies in any liquid at any desired temperature 
and pressure, and destructive cavitation produced within a rela- 
tively short period of time. 

Mr. Kemp emphasizes what we have been advocating for a 
number of years, namely, that the hydraulic design of surface 
condensers and connected equipment be so made that the cooling 
water shall flow quietly and smoothly, without sharp bends or 
abrupt changes of direction. It is the duty of plant designers 
to allow ample space for such equipment so that the equipment 
manufacturers will not have to cramp their designs. Then in 
later years the operators need not pay the penalty of repeated 
tube replacements for an initial lack of engineering foresight. 

Mr. Mitchell’s brief description of the theory of corrosion by 
differential aération and his report of alternate immersion cor- 
rosion tests are interesting contributions to our knowledge of 
corrosion and other phenomena of metal wastage. , 


The Condensation of Flowing Steam 
Part I—Condensation in 
Diverging Nozzles' 


Winston R. New.? The authors state: “It was found at 
the University of Rochester that variation in the back pres- 
sure could play an important part in determining the type of 
condensation which occurs in diverging channels.’’ This state- 
ment could well be enlarged as follows: It has been observed 
generally that variation in the back pressure alters entirely the 
flow possible in diverging passages. The writer has chosen this as 
an avenue of approach to a brief discussion of the subject of 
compression shock which is in evidence in a number of the flow 
pictures presented in the paper, and may have been responsible 
in some cases for sudden static-pressure rises measured in the 
diverging channel; also the writer believes that the authors have 
treated it rather inadequately. 

In an expanding nozzle the ratio of mouth area to throat area 
A,/A, is uniquely determined by the pressure ratio 8B = p2/p, 
and ratio of specific heats C,/C,. Adopting the authors’ nota- 
tion C,/C. = y and for the purpose of this discussion we may 
forget that y is a variable, we obtain by rearranging Equation 
[10] of the paper 


Ay w/v | By 


neglecting velocity of approach and remembering that here A: 
is the mouth area in sq ft. Similarly* 
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This means that if an expanding nozzle is used for some pres- 
sure ratio other than that for which it was designed, the flow 
experiences a need for some adjustment in escaping to the 
pressure of the environment. Experiment shows that if the 
pressure ratio 8 were too small expansion beyond the end of 
the nozzle would continue in the form of a rapidly attenuated 
wave train of acoustic disturbances. Fig. 4 of the paper illus- 
trates this. If, however, the pressure ratio 8 were too large, 
but such that critical velocity is established in the minimum sec- 
tion of the passage, a disturbance would occur to which the name 
compression shock has been given. Shock occurs in the diverg- 
ing portion of the passage and always results in a reduction of 
the velocity to some subacoustic value, a sudden nonisentropic 
rise of pressure and detachment of the jet from the passage wall 
such as shown in Fig. 6 of the paper. 

By the aid of certain simplifying assumptions‘ chief among 
which is that shock occurs in an infinitely thin plane and that the 
cross-sectional areas of the jet before and after shock are known, 
it is possible to calculate by using energy, momentum, and con- 
tinuity equations the pressure, velocity, and specific volume re- 
sulting from the shock when the conditions immediately preced- 
ing it are known. Extensive experiments indicate, however, that 
the conditions prevailing in actual nozzles when compression 
shock is encountered are much more complicated. Shock does 
not take place in a plane and there is usually a very imperfect 
renewal of contact between the jet and nozzle walls. Further- 
more, the presence of any obstruction or even additional friction 
surface such as would be presented by an exploring tube in the 
nozzle displaces the position of the shock and alters the loss of 
contact, thereby making even the measurement of static pressure 
in the diverging channel rather illusive. 

In view of the difficulties to which reference has been made, 
chiefly the instability of flow with compression shock, would 
it not be wise to distrust a sharp static-pressure rise in the axial 
search-tube traverse as evidence of the position of condensation 
until one were sure that compression shock was not the cause? 
The authors state on page 175 that “Correlated work is being 
done on the problem of measuring supersonic velocities by im- 
pact tubes in the hope that eventually velocity coefficients can 
be established for supersaturated expansions.” This statement 
is deserving of a number of comments, but first the authors should 
elaborate on how these measurements are to be made. It is 
certain that compression shock will have to be considered, but it 
seems that the problem is even very much more complicated 
than in the nozzle because the shock cannot be treated one-di- 
mensionally; the medium is wet and nonhomogeneous and fol- 
lows the gas laws remotely if at all. Furthermore, it is fairly 
certain that the size, shape, and location of the impact tube with 
respect to boundary walls will markedly affect the observations 
at supercritical velocities since these things will surely affect the 
Mach wave pattern at the tube muzzle. What kind of calibra- 
tion can be provided to take care of these latter difficulties? 

If it be desired to provide velocity coefficients for supersatu- 

‘“Steam and Gas Turbines,’”’ by A. Stodola, McGraw-Hill Book 
Company, New York, N. Y., pp. 84-95. 
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rated expansions why shouldn’t some type of reaction tester 
be employed whereby measurements of force, mass-flow rate, 
pressure, and temperature or steam quality could readily be made 
to yield final results independent of steam shock. This would 
seem preferable to the more questionable method involving use 
of the impact tube. The answer probably will be that such re- 
action measurements will show the combined losses from super- 
saturation and friction, and it will be impossible to separate the 
two. To this the writer would counter with the question: Why 
is it desirable for other than purely academic reasons to separate 
the losses arising from supersaturation and friction? Is not the 
significant effect of each an increase in entropy or decrease in 
energy availability, and are not both losses always cumulative 
in any engineering application of flowing steam? In fact the 
writer finds nowhere in the paper a statement as to the ob- 
jective of the experiments, or of the need for this work other than 
that it is admittedly very interesting. The authors have done 
a very creditable job of calling attention to the mechanism of 
condensation and have made many careful experiments result- 
ing in valuable flow pictures, but a hasty review of some of the 
earlier papers mentioned in their rather extensive bibliography 
reveals the fact that the basic results presented have been known 
almost as long as nozzles have been used. If the writer’s infor- 
mation is correct, is it not then significant that in the last twenty 
years turbine builders have not experienced any need for dif- 
ferentiating between the losses arising from nonequilibrium ex- 
pansion and friction? It is, of course, conceivable that the 
authors now see this need, and it is to be hoped that they will 
explain if and why we should now make some special allowance 
for the effects of supersaturation. 

The Westinghouse Electric & Manufacturing Company have 
undertaken during the past few years several thousand tests of 
nozzles and blades using both air and steam as media. The re- 
sults of some of the air investigations will very probably soon be 
reported to the A.S.M.E., but the writer may say at this time 
that seldom, if ever, is there a case where the energy losses, at- 
tributable to friction in passages designed to accommodate a 
flowing elastic fluid, are as small as the losses attributable in 
this paper to supersaturation. Therefore, it appears to the 
writer that if the effects of supersaturation and friction must be 
separated we would do well to consider first the greater of the 
two and concentrate in an attempt to establish the friction losses 
as a function of the several variables involved. 

The foregoing paragraphs have contained criticism of a very 
general nature. The writer would like now to call attention to 
some minor details, which, in his estimation, would improve the 
authors’ paper. It is stated near the bottom of the first column 
of page 178 that rapid expansions through a De Laval nozzle along 
any entropy line result in condensation at the same pressure re- 
gardless of initial pressure and temperature, yet Fig. 10 of the 
paper shows the condensation pressure as a function of the 
initial pressure. The context later discloses what is meant, but 
the figure is a little misleading. The near linearity of the 
function is emphasized, meaning, of course, a constant slope; 
yet, in Fig. 11 of the paper, where this slope is plotted against 
the same argument, curvature is well-developed. This incon- 
sistency could have been avoided by a little more consideration 
of the facts outlined in the next paragraph. 

It is admitted that accurate determination of the condensation 
pressure is difficult. Inspection of the flow pictures reveals why 
this is so. The transparent portion of the flow merges into the 
opaque and there is no sharp line of demarcation. This is, of 
course, to be expected as a consequence of the mechanism of 
condensation described and is the reason for the scattering of 
the points defining the Wilson limit in Fig. 8 of the paper. A 
close examination of Fig. 8 reveals that the band covered by the 
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test points permits nearly as great variations in the ratio 6 
plotted in Fig. 11 of the paper as the maximum deviation of this 
ratio from the mean value. In view of this, and because the choice 
of condensation pressure is quite dependent upon the observer, 
it seems to the writer desirable to omit entirely Figs. 10 and 11 
of the paper and all explanation appertaining thereto and simply 
say that within the range covered by these tests the ratio of 
condensation pressure to saturation pressure at any entropy is 
the constant 0.44. 

The evaluation of the energy losses arising from supersaturation 
has been simplified very much in this paper and the writer feels 
that this has resulted in a somewhat distorted picture. The only 
thing that has been done is to evaluate the expression §(* Vdp 
for small expansions from the saturation limit to the Wilson limit 
as a maximum for two values of the ratio of specific heats. The 
difference in energy liberation between equilibrium and super- 
saturated expansions at several pressure ratios has been plotted 
in Fig. 15 of the paper as a percentage of the relatively small 
enthalpy changes involved here, and, of course, the loss seems 
large. This has occurred because the choice of the datum of com- 
parison has been a favorable one. Where in practice today are 
we interested in enthalpy changes of the order considered? The 
steam used today in turbine work is almost always highly super- 
heated with about half of the heat release above the saturation 
limit, and this range is unaffected by the phenomenon considered 
here. When dry saturated steam is used as in the case of certain 
auxiliaries, expansions continue into the wet region and not only 
to the Wilson limit. This just means that if we were to express 
the losses from supersaturation as a percentage of more significant 
enthalpy changes, they would be less than half of the values shown 
in Fig. 15 of the paper. 


Howarp Emmons.® The authors have presented in this paper 
some fine additional data on the important subject of supersatura- 
tion. These data are very useful for design purposes on nozzles 
like those tested but cannot safely be extrapolated until the 
mechanism of condensation from the supersaturated state is 
better understood. 

The authors’ analysis from the point of view of the kinetic 
theory is very interesting. However, an unfortunate error in 
the placing of the decimal point removes the validity of their 
apparent support of the ‘“‘double-molecule” theory of Nernst. 
They find, on page 179, that for a droplet of r = 1.5 X 107° ft 
or a volume of 1.42 X 10-%6 cu ft, that the density is roughly 
71 lb per cu ft. Thus, the weight of this drop would be 1.42 X 
10-26 X 71 = 1.001 X 10~*4 lb per drop, instead of 1.001 x 
10-*5 Ib per drop. 

The number of molecules per drop thus becomes 
(1.001 X 107-24) /(6.52 X 10-26) = 15.3 molecules per drop instead 
of 1.57 molecules per drop. 

Again on page 180 the volume of drops of radius 5 X 107° ft 
is 5.24 X 10725 cu ft instead of 5.24 X 10-%4. This, however, 
seems to be a misprint, as the figure of 514 molecules per drop 
is correct. 

The authors state that the step in the pressure curve at the 
condensation point can be explained on the basis of the forma- 
tion of drops of radius 1.5 X 10~* ft, together with a constant 
volume change as well as by the method of Keenan which leads 
to drops of a radius of 5 X 10~° ft. 

Further support is given to the formation of the larger drops 
as follows. Suppose dry steam to be supersaturated to a con- 
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dition which would be in equilibrium with drops of size r given 
by the Equation [2] of the authors’ paper. Then 
Pe 2ory 


log, = 
Ds 


where y = (1/d) is used to avoid confusion with the symbol 
for differentiation. Suppose now that drops slightly larger than 
r suddenly form. According to Equation [4] of this discussion 
they should, if the steam remains at pressure p,, grow rapidly 
to very large size, i.e., essentially return the steam to the con- 
dition of equilibrium with infinite drops. 

Since the process of initial drop formation is very rapid, not 
sufficient time is available to transfer the latent heat to the steam 
and so the temperature of the drops rapidly increases. If the 
condensation of a small mass of vapor on the drop were to raise 
the temperature of the drop more than the increase of tempera- 
ture given by Equation [4] of this discussion, due to the in- 
crease of drop radius, the drop will cease to grow until after its 
temperature has been again reduced by heat transfer to the 
surrounding cooler steam. On the other hand, if the drop- 
size equilibrium temperature were to increase faster than the 
actual temperature of the drop due to additional condensation, 
then the drops will continue to grow very rapidly in spite of the 
fact that they are already hotter than the surrounding steam. 
The drops would continue to grow thus until the rate of actual 
drop-temperature increase became equal to the equilibrium- 
temperature increase. 

To find the drop radius at which growth would cease (except 
that due to the heat transfer with the surrounding steam), allow 
a weight of vapor dM to condense upon a drop of size r and thus 
find its actual rate of temperature increase. This is 


aT _ 


where 7’, is the actual drop temperature, h,, is the latent heat at 
T., and c, is the specific heat of the liquid in the drop. 

Now to find the rate of increase of the drop-equilibrium tem- 
perature 7',, differentiate Equation [4] of this discussion with 
respect to r, then 


where 
T, dp, Pe 


where 7, is the drop equilibrium temperature at equilibrium 
pressure p,, and p, is the saturation pressure corresponding to 
T, and is a function of 7, only. 

In performing this differentiation, it was assumed that the 
steam surrounding the drops remained at pressure p,. The 
actual measurements show a small pressure rise which may or 
may not be the rounding off due to measuring instruments, as 
suggested by Keenan. 

Equating Equations [5] and [6] of this discussion and solving 
for r gives 


20 ul, 
8] 


This is the size to which drops would quickly grow at constant 
p, Without any transfer of latent heat to the surrounding steam. 

For supersaturated steam at 100 F and 8.15 lb per sq in., the 
droplets which first form would be, by Equation [4] of this dis- 
cussion of size 1.5 X 10-* ft. These droplets would grow with 
extreme rapidity until they reached a size as given by Equation 
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[8] of this discussion of 3.88 x 1078 ft (1.18 X 10-&em). This 
drop radius is about 26 times that of the drops first formed and 
about eight times that of the drops computed by Keenan.* 
These drops would continue to grow or begin to evaporate, de- 
pending upon whether heat transfer was from or to the drops. 

The phenomenon of supersaturation should occur for slow as 
well as for rapid processes. During drop condensation of steam 
the bare nonwettable surface between the drops is probably cov- 
ered with a layer of supersaturated vapor. This opinion is also 
expressed by Gram’ and is given some weight by the experimental 
measurements on the supersaturation of air-water-vapor mix- 
tures over a petroleum surface. The writer has attempted to 
detect supersaturation of steam in contact with a nonwettable 
surface and during drop condensation without obtaining any con- 
clusive results. That supersaturation of a pure low-pressure 
vapor does occur when enclosed by nonwettable walls is shown 
conclusively by the experiments on cadmium in a glass vessel 
reported in 1917 by Langmuir.® These experiments also indi- 
cate a mechanism for the condensation of the supersaturated 
cadmium vapors on the glass. A similar mechanism probably 
applies also to the condensation throughout the mass as ob- 
served in nozzles. 


Sanrorp A. Moss.!° It is technically incorrect to use the 
term “supersaturation” for the phenomenon discussed in this 
paper; the proper term is “undercooling.’”’ The writer believes 
that the paper is going to form an important part of the litera- 
ture on this subject, and it is to be hoped that an effort will be 
made in it to discourage the prevalent careless practice of using 
the incorrect term “supersaturation.” 

The first sign that undercooling actually occurred in turbine 
nozzles was the observation many years ago that the flow 
through a steam nozzle with a throat and a divergent portion 
was greater than would correspond to theoretical considerations 
and a probable coefficient of discharge. It seems quite probable 
that this observed excessive flow was due to the fact that the 
velocity at the throat of a properly divergent nozzle is somewhat 
greater than would have occurred if there had been saturation 
at the saturation line, so that there was increased flow of the 
order of magnitude of 2 or 3 per cent, so as to counteract the 
effect of nozzle-velocity loss represented by a discharge coefficient. 
However, so far as the writer knows, the mathematics of under- 
cooling, the effect on flow through nozzles with a given throat 
area, and the critical pressure ratio have not been given in detail. 
These mathematics will no doubt be presented in due season. 

However, the authors do give some mathematical analysis of 
what they call losses. However, the writer does not believe that 
they could be called losses. The phenomena which exist do 
exist by virtue of the laws of nature, and the difference between 
occurrences due to the existence of these phenomena and occur- 
rences which would have existed had saturation occurred accord- 
ing to the originally used crude theory, cannot be called losses, 
but only differences or corrections. The detailed mathematical 
analysis which the authors make has been criticized as being 
of no interest to the turbine designers, and not a proper subject 
for research. Such criticism is not merited. Anything that hap- 
pens in a steam turbine is a subject for complete analysis by a 
careful turbine designer, and the exact actions which occur, even 


7“Tropfencondensation von Wasserdampf,’’ by Erich Gram, 
Forschungsheft 382, vol. 8, issue B, 1937, p. 29. 

* “Uber die Kondensation von Dampfen,” by M. Cantor, Poggen- 
dorff, Annalen der Physik, vol. 56, 1895, p. 492. 

*“The Condensation and Evaporation of Gas Molecules,” by 
Irving Langmuir,” Proceedings of the National Academy of Sciences, 
vol. 3, 1917, p. 141. 

‘© Research engineer, Thomson Research Laboratory, General 
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in minute detail, should be thoroughly considered by him. 
Whether or not the result of the analysis would have any effect 
on turbine design, is a matter which may be taken into account 
after all of the details are known. 

The authors give a number of results when the area of the nozzle 
mouth was not suited to the pressure of the region into which dis- 
charge took place. The ratio of the difference between actual 
nozzle-mouth area and theoretical nozzle-mouth area, corre- 
sponding to the pressures, of the theoretical nozzle mouth area 
has been called “nozzle-mouth error.”” The question may be 
asked as to what effect such nozzle-mouth error had on the con- 
densation phenomena? There is of course the greatest interest 
in occurrences with no nozzle-mouth error. However, in some 
steam turbines there may be operation with a nozzle-mouth error 
at partial load, which of course must be taken into account. 
A number of questions may be asked regarding the details of the 
test. How is it known that the effects which are seen and 
photographed are not merely effects at the surface of the glass? 
Are the velocities in the tee immediately in front of the nozzle 
such that it may be assumed that the nozzle is preceded by a very 
large region of negligible velocity? What evidence is there that 
the static-pressure measurements are valid, in view of the fact 
that static pressure in a jet at high velocity is very difficult to 
measure? Is there any reason to suppose that the condensation 
is at all complete at the point where it is first observed to begin? 
Some of the writer’s associates believe that condensation may 
just begin at this point which is presumably the Wilson line, 
but may be not at all complete and may continue through an ap- 
preciable pressure drop, so that it is not complete until some line 
appreciably beyond the Wilson line. 


E. F. Cuurcn, Jr.'! The writer has been interested in the 
progress of direct visual study of the expanding jet of steam, and 
has had the opportunity of seeing the authors’ apparatus in oper- 
ation. The field of experimentation is fascinating, and while 
sufficient data are now available concerning the gross loss due 
to supersaturation to satisfy the turbine designer, the details 
of the flowing expansion process prove to be so complicated that 
they invite further research. The results of the research are 
bound to be interesting and profitable. 

Some years ago the writer made calculations and published 
a curve practically identical with the mean of the three curves 
in Fig. 16 of the paper; the very slight effect of the variation 
of the initial pressure on the supersaturation loss was not in- 
cluded. 

It appears that we must abandon the conventional representa- 
tion of the condensation process by a line like c-s in Fig. 9a 
of the paper. On the H-S diagram, the assumption of constant 
enthalpy during the condensation naturally gives the increasing 
entropy we expect with a self-initiating process, but if we attempt 
to represent the process in this way on the T-S diagram, trouble 
appears. On this diagram a constant-enthalpy path from point 
c, given in Fig. 9b of the paper, with rising temperature, would 
lean to the left, in the direction of decreasing entropy, which is 
impossible. Textbooks which have represented almost every- 
thing else on the T-S diagram, have avoided this. It appears 
from this paper that the process is more complicated, possibly 
being a constant-volume process followed by a continuation of 
expansion with a different exponent. If a constant-volume path 
be drawn from c in Figs. 9a and 9b of the paper, in the direction 
of rising temperature, entropy will increase, as it should. The 
pressure obviously must also rise, and experiment shows this to 
be the case. It will now be interesting to know the form of this 
constant-volume path on the two planes: Does it start from c 
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parallel to the constant-volume line for a perfect gas, and end up 
at d or e parallel to that for a wet mixture? 

Whatever the form and direction of the condensation path, it 
is quite evidently not a constant-enthalpy path, and should no 
longer be thought of assuch. It is a path of increasing enthalpy; 
hence, one of decreasing kinetic energy and of decreasing velocity. 
Since the available energy remaining, down to the final pressure, 
is less than if the constant-volume process had not intervened, 
the loss of available energy that was formerly attributed to the 
constant-enthalpy process, is obvious. It is to be hoped that 
the authors will be able to give further information as to the 
amount of the pressure rise c-d and the nature of the expansion 
resumed immediately thereafter. 


J. T. Rerrauiata.!? When enumerating the uses of the De 
Laval type of nozzle, the authors might well have included its 
application in connection with the Curtis wheel. In the design 
of reaction steam turbines, with the present trend toward higher 
pressures and temperatures, occasions arise wherein the use 
of the impulse wheel is expedient. This is done for various 
reasons; namely, to reduce rapidly the temperature of the 
expanding steam; to decrease the axial length of the turbine; 
and to eliminate, in the reaction element, short blade heights 


with their attendant high leakage. 


Fig. 1 Stream FLowineG In A COMMERCIAL TyPE OF No72LE 


Thus, the authors have performed their researches on a type of 
nozzle which has at present a wide field of application, and any 
information which they can divulge concerning this important 
part of a steam turbine will be welcomed. 

Referring to Fig. 7A of the paper, illustrations d and e, the 
writer wonders whether various orders of visible spectra were 
observed in these cases. The zero-divergence angle affords con- 
ditions under which drop growth could occur, thus scattering 
light of several wave lengths. 

The double eddy mentioned by the authors was also noticed 
by the writer in 1934 while engaged in research at the Johns 
Hopkins laboratories. Due to the impossibility of photograph- 
ing this phenomenon, it is sketched in Fig. 1 of this discussion. 
It can be seen that as the steam leaves the nozzle it forms two 
whirlpools: A large one at A and asmaller one at B. The action 
of these whirlpools appeared much like that of two wheels rolling 
on each other, with the one at A revolving counterclockwise and 
that at B revolving clockwise. It must be remembered that this 
eddying is occurring in a region where the blade row would be 
located in a turbine. With this tendency to eddy present in the 
blades themselves, there are bound to be some velocity com- 
ponents exising which will retard the rotation of the turbine rotor, 
thus decreasing the stage efficiency. The eddying as depicted in 
Fig. 1 of this discussion would not occur in exactly the same 
manner if the blades were in place, as its nature would depend upon 
clearances and the aspirating effect of the jet on the surrounding 
medium which would be suppressed if blades were present. How- 
ever, inherent tendencies detrimental to good turbine performance 
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would exist. Undoubtedly this type of steam flow is a contribut- 
ing factor to the displacement loss encountered in turbine opera- 
tion when the nozzle ring is divided into groups. 

In order to investigate the authors’ statement that ultimate 
condensation always occurs in the diverging portion of a nozzle, 
the writer has determined the equation of the curve shown in 
Fig. 11 of the paper. This equation is 


B. = 0.35046 (9] 


and appears to be correct to within 0.5 per cent. Assuming, 
for the moment, that the isentropic exponent for saturated steam 
is 1.315 at all pressures and temperatures, a critical-pressure 
ratio 8, = 0.55 is obtained. Substituting this value of 8, 
in Equation [1] of this discussion we get an inlet pressure of 
about 1900 lb per sq in. abs which means that for greater inlet 
pressures ultimate condensation will occur in the converging 
portion of a nozzle. However, the foregoing assumption is in- 
correct as the isentropic exponent does not remain constant.!3 

At 1500 lb per sq in. abs this exponent for saturated steam is 
1.22, giving a critical-pressure ratio of 0.561. From Equation 
{1] of this discussion when p; = 1500, 8, = 0.542 which is be- 
low the critical value just found for this pressure; hence, con- 
densation occurs in the diverging part of the nozzle. The critical- 
pressure ratio increases to an even greater extent at higher pres- 
sures so it seems reasonable to conclude that, based upon this 
mathematical analysis and the continuity of the curve in Fig. 11 
of the paper, condensation will always occur in the diverging 
portion of a nozzle. 

This conclusion leads to the following precaution which should 
be exercised when speaking of the Wilson zone, namely, to state 
the initial steam conditions from which a zone in question is ob- 
tained; otherwise, the latter is meaningless. To illustrate, take 
an initial steam condition of 1500 lb per sq in. abs saturated. 
Based upon the previous reasoning, the pressure at ultimate con- 
densation will be 1500 X 0.542 or 813 Ib per sq in. abs. This 
pressure occurs at about the 11 per cent moisture line which will 
be the lower limit of the Wilson zone for the initial conditions 
chosen and not the 4.5 per cent moisture line. 

Thus, the foregoing mathematical analysis leads the writer 
to believe that the lower limit of the Wilson zone for a particular 
nozzle is not a line fixed at a certain moisture content for all 
initial steam conditions, but rather a line which successively 
intersects lines of higher moisture content as the initial pressures 
are increased. This line denoting the lower boundary of the 
Wilson zone in all probability will be concave downward. 

It should prove interesting to see how closely the results of 
the high-pressure tests, to be conducted at Purdue University, 
will agree with these comments. 


J. H. Keenan.'* The authors have made a significant con- 
tribution to our experimental knowledge of the behavior of super- 
saturated steam. It is good to know that the unfortunate error 
in the initial-pressure measurements has been corrected. Its 
magnitude could doubtless be expressed as a percentage of the 
initial pressure, and such a figure should be put into the record 
in the authors’ closure. The old tests can then be used to aid 
in determining the supersaturation limit, since the initial tem- 
peratures measured in the earlier tests are apparently satisfactory. 
Do any of the points in Fig. 8 of the paper represent corrections 
of the old tests? 

In cases where preliminary condensation occurs, is an ulti- 
mate condensation always distinguishable, and does ultimate 


13 ‘Thermodynamic Properties of Steam,” by J. H. Keenan and 
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condensation when distinguishable always occur at a pressure 
corresponding to the 4'/, per cent moisture line? 

These tests seem to establish that for steam at a given entropy 
expanding through a given nozzle the condensation pressure 
is independent of the initial temperature or pressure. Such 


independence is strong evidence that time is not the primary ° 


controlling factor in the phenomena of supersaturation, despite 
the frequent assumption to the contrary. It is evident that the 
time required for the vapor to pass from the normal saturation 
state (r = ) to the condensation point is markedly different 
for different initial superheats. It is quite possible that the size 
of nucleus available is the true governing factor, though Fig. 12 
of the paper indicates that the size varies slightly with the density 
of the condensing fluid. Perhaps a more valid analysis will 
eliminate the variation. 

The writer regrets that the analytical work which accompanies 
these data is not in quality comparable with the experimental 
work. Much of the analysis serves only to confuse further a 
subject which is in need of clarification. For example, in dis- 
cussing drop size the authors fail properly to distinguish between 
their computed drop radius of 1.5 X 1079 ft and the drop radius 
of 5 X 10~* ft given in the writer’s discussion of Yellott’s earlier 
paper. The drop size which they calculate is not necessarily 
the size of an existing drop. Most probably it is not the size 
of drop which scatters the light they observe. In the writer’s 
previously mentioned discussion,* he computed a corresponding 
drop size, 2 * 10~° ft, which is different from the authors’ 
present figure only because of the error in the earlier measure- 
ments of initial pressure. 

The authors’ figure of 1.5 X 1079 ft and writer’s of 2 * 1079 
ft correspond to the smallest drop that would grow in an atmos- 
phere of steam in the state corresponding to that just before 
condensation. A drop of smaller size would evaporate. If 
drops of this size were to form at the condensation pressure they 
could form in increasing numbers without any appreciable 
discontinuity in the behavior of the fluid because they are in 
equilibrium with the surrounding vapor. However, the authors’ 
data prove in two ways that a discontinuity exists at the con- 
densation point: First, a pressure jump occurs, and second, a 
sudden dense fog is formed (not a fog which gradually increases 
in density from an imperceptible haze). If particles of 1.5 x 
10~* ft radius had formed, neither of these discontinuities would 
occur, a fact which is shown to be a quantitative result of the 
dynamic and thermodynamic requirements in Fig. 23 of the 
writer’s previously mentioned discussion. In the same figure it 
is shown that the magnitude of the jump in pressure is a function 
of the size of the particle formed in condensation. Therefore, 
the measured pressure jump corresponds to the formation of 
drops of a particular size. That size was found to be a radius of 
5 X 107° ft, a figure which is now known to be a little large be- 
cause of the error in the initial-pressure measurement. 

Out of the paper’s confused discussion of drop size comes no 
valid conclusion. Certainly the statement that light scattered 
from particles of radius 1.5 X 107° ft “would be readily visible” 
is not supportable in view of their own calculations which show 
that the intensity of light scattered from such particles is only 
one-thousandth of that of light scattered from drops 5 X 107% 
ft radius. For the faint light which they observe and photo- 
graph is doubtless scattered from particles of about the latter 
size, and one thousandth of that faintness would not be readily 
visible. The inference that drops of radius 1.5 X 10-°* ft are 
of the order of magnitude of double molecules is the result of 
& misplaced decimal point. The authors’ method of computa- 
tion indicates 15.7 molecules to such a drop and not 1.57. 

The attack on the problem of the pressure jump at condensation 
is equally confusing. The authors say that “at the condensation 
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point the pressure is observed to rise, which probably means 
that the process is one of constant volume.”’ To conclude that 
the condensation process is a constant volume change of state 
rather than any one of the other possible types of processes, . 
infinite in number, which can occur with increasing pressure is, 
in mild terms, arbitrary. But when the arbitrary conclusion 
violates the fundamental principles of mechanics and thermo- 
dynamics it must be rejected. The authors have not shown how 
their conclusion can be justified in terms of the energy, con- 
tinuity, and momentum equations of steady flow. 

As an example of confused reasoning concerning the thermo- 
dynamics of the condensation process I quote from the paper the 
following: “Speculation . . . . leads to the difficult conclusion 
that in some manner the energy released by the moisture at the 
low temperature ¢, is transferred to the remaining vapor, with 
the result that the temperature of the vapor is raised above that 
of the supersaturated steam which supplied the heat. This is 
apparently a violation of the second law of thermodynamics but 
it can be shown that the entropy increases during the process so 
the law is actually obeyed.”’ The second law, if properly stated, 
does not even “apparently” imply that the temperature of a 
system will not increase during any spontaneous process. Surely, 
we have many common examples of a temperature rise during a 
process in an isolated system, such as the dissolving of sulphuric 
acid in water or the combustion of coal in air. None of these 
involve a heat transfer from a system at low temperature to one 
at higher temperature. Doubtless the difficulty mentioned in 
the quotation is a confusion of mass transfer between phases 
with heat transfer, a common error in engineering literature. 

The analysis of loss due to supersaturation given in the paper 
is the conventional one which has been stated often enough in 
the past. If the authors had made a careful analysis of the loss 
resulting from the pressure jump, which the writer estimated 
roughly in discussing* the earlier paper, they would have con- 
tributed to the analytical technique of supersaturation. The 
conventional analysis which they offer not only ignores the ef- 
fect of the pressure jump, but is inconsistent with their own opin- 
ion concerning the nature of the condensation process. They 
assume in the analysis a constant-pressure change during con- 
densation despite their conclusion that the change occurs at 
constant volume. 

I am one of those who have watched the recent experimental 
work on supersaturation with interest and with an appreciation 
of its importance in clearing up many uncertainties in our 
knowledge of the behavior of steam. It would be a misfortune 
if the new literature of the subject should be obscured by care- 
less statements and unsound analysis. 


G. B. Warren.'!® The authors of this paper are indeed to be 
congratulated upon the carrying out of the unique and original 
research which has established quite definitely the presence of 
the so-called “Wilson line” predicted by Martin in 1918 as the 
general locus of the beginning of condensation with high velocity 
expansion. 

Several years ago J. H. Keenan" and the writer conducted a 
series of nozzle-reaction tests on diverging nozzles at various 
degrees of superheat. The preliminary investigation which we 
made of the bearing of the results of these tests on supersatura- 
tion indicated that these tests largely substantiate the conclu- 
sions arrived at by the authors; furthermore, these tests throw 
some light upon the degree of return to equilibrium conditions 
which the steam undergoes following the beginning of condensa- 
tion. 

The writer discussed this matter with Professor Keenan re- 
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cently, and if we can find opportunity to make a sufficient re- 
analysis of these data in the near future, we will present this ad- 
ditional information in the form of a paper to the A.S.M.E. 
which should give some valuable supplementary information on 
this general subject. 


Ep S. Smirn, Jr.’ This paper is amply justified from the 
standpoint alone of fluid metering because it presents data 
establishing the reliability of conventional flow-meter relations 
for steam from a superheated condition to where it is 4.5 per 
cent wet. Also, its confirmation of the use of an “effective” 
specific-heat ratio K of practically 1.315 is of unquestionable 
value to engineers interested in metering steam. This value is 
shown to be applicable both to superheated and wet steam, 
within the 4.5 per cent limit, both for pressure ratios suited for 
the usual differential-type and Naperian-type flow meters, where 
the velocity of sound is attained in the throat of a well-formed 
nozzle with the mass-rate dependent only upon the inlet pres- 
sure. 

Fig. 11 of the paper is most important from a flow-meter stand- 
point since it establishes limiting pressure ratios for condensa- 
tion for various inlet pressures. 

In regard to the observation that no condensation above the 
critical-pressure ratio (from the acoustic standpoint) of ap- 
proximately 0.55 was noted in an expanding rectangular nozzle 
with an included angle of more than 2 deg, the comment may be 
made that the corresponding included angle for nozzles of cir- 
cular section would be still smaller; in other words, this result 
may be accepted for circular-section nozzles with even smaller 
included angles. 


AvuTHorRs’ CLOSURE 


The authors wish to express their appreciation of the careful 
consideration which the discussers have evidently given to this 
paper. 

Mr. New suggests that compression shock may be the cause of 
the sharp rise in pressure which is found at the point where the 
condensation takes place. This is unlikely, since, as Mr. New 
points out, shock occurs only when the pressure ratio p2/p., is 
too large, whereas this particular pressure rise o&curs even when 
the nozzle is underexpanding. 

Velocity measurements in supersonic flow can be made with 
an impact tube if due regard is given to the fact that the com- 
pression in the mouth of the tube is not isentropic. In 1910 Lord 
Rayleigh” published an equation which took account of this fact 
and it is this equation, later verified experimentally by Stanton,'* 
which will be used. It is hoped that Schlieren photography can 
be used to advantage in studying the effect of “‘size, shape and 
location of the tube with respect to the boundary walls.’”’ The 
obvious objection to the reaction tester suggested by Mr. New 
is the expense which is involved. 

Mr. New’s query as to the justification of this work has been 
answered for the authors by Dr. Moss. Anything vhich can occur 
in a turbine is of interest and should be studied carefully before it 
is neglected as unimportant. The primary object of this work, 
however, is to fill in a previously incomplete portion of our knowl- 
edge of the behavior of steam. The air tests which the major 
turbine companies conduct so extensively have provided a large 
amount of information about friction losses in nozzles and 
buckets. Unquestionably these losses are of major importance, 
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but the problems associated with the formation and existence of 
moisture in the steam are also important. 

In commenting on Fig. 10, Mr. New objects to the slope chosen 
by the authors and notes that the choice of condensation pres- 
sure p, is dependent upon the observer. The choice is not en- 
tirely capricious, since the step in the pressure-position curve is 
also to be considered. The authors feel that the data in Fig. 8 
do not justify the simple statement of the results which Mr. New 
suggests. The curvature of Fig. 11 arises quite obviously from 
the following considerations. The equation of the line plotted in 
Fig. 10 is approximately 


Pe = api C 
Rewriting the latter equation and putting pc/p, = 8., we have 
(8, a) = C 


which is the equation of ahyperbola. The inconsistency suggested 
by Mr. New is not obvious, therefore. 

The authors chose to express the energy losses arising from 
undercooling in the manner followed in the paper because their 
results, if they have any value to turbine designers, will be used 
in stage-efficiency calculations rather than in estimates of the 
performance of the turbine as a whole. For this reason it seems 
logical to present the results in terms of the energy drop from the 
saturation line. This method of expressing the results has the 
added value that it is no longer dependent upon the initial con- 
ditions of the steam which a turbine is using. 

To consider the points raised by Mr. Emmons, the authors re- 
gret that it was he instead of themselves who detected the errone- 
ous decimal point. Mr. Emmons’ mathematical analysis of drop 
growth is very interesting. Difficulties arise in attempting to put 
a numerical evaluation upon his equations, however, because it 
is by no means certain that the values of surface tension which 
are valid for such extremely small drops are the customary values 
found in the usual tables. 

Undercooling apparently does not occur to the same extent in 
slow as in rapid expansions. Condensation seems to occur much 
earlier in an expansion if it is relatively slow. The question of 
undercooling in dropwise condensation cannot be answered by 
the authors since they have not considered this problem. At 
this point, however, it seems proper to note that many experi- 
ments on condensation have been carried out with relatively 
quiet and moisture-free steam whereas the actual situation in a 
real condenser is quite different. The steam is turbulent, flowing 
at high velocity, and probably liberally supplied with small 
particles of moisture. . 

The authors accept the correction of Dr. Moss and will here- 
after use the term undercooling rather than supersaturation. 
They also agree with Dr. Moss in his statement that what they 
have called losses are, rather, differences. Their mathematical 
analysis sets forth these differences rather than something which 
might properly be called losses. The authors also wish to thank 
Dr. Moss for his defense of their motives. The question of nozzle- 
mouth error can be answered in this manner. If the error is small 
there is no effect on the condensation phenomena. It is only 
when the back pressure is high with respect to the initial pressure 
that the effect of this high pressure penetrates back beyond the 
throat of the nozzle and thereby affects the manner in which the 
steam condenses. 

It can be shown that the effects which are seen and photo- 
graphed are not merely surface effects by traversing the jet with 
a sharp beam of light. In this way it is easy to see that the cloud 
of moisture pervades the entire stream. 

The tee immediately in front of the nozzle has an area ap- 
proximately fifty times as great as that of the throat of the nozzle. 
This is not by any means a region of negligible velocity, but 


q 
. 
3 
4 


DISCUSSION 


since the velocity does not enter into their computations, the 
authors feel that this is not a serious error. The static-pressure 
measurements are probably not precisely correct, since the jet is 
flowing at a supersonic velocity. Nevertheless these pressures 
are measured at a point where the streamlines have begun to 
diverge only slightly and so they should not be greatly in error. 

There is no conclusive evidence to prove that the condensation 
is complete at the point where it is observed to originate. The 
sudden rise in pressure which has been mentioned before is 
evidence in behalf of almost complete condensation, however. 
What happens beyond this point is not known as yet. Further 
experiments to be made by studying the exhaust from an actual 
turbine may throw some light on this matter. 

The comments of Professor Church concerning the representa- 
tion of the condensation process on the various diagrams are ap- 
preciated. The points which he raises are interesting and indeed, 
as he points out, the old conception of a constant-enthalpy 
change from dry undercooled steam to wet steam must be aban- 
doned. The authors are not yet in a position to give a more 
definite reply to his questions than that which he gives himself. 
Fig. 16 had its inspiration in the similar figure mentioned by 
Professor Church. The effect of the variation of initial pressure 
was included simply to make the story more complete. 

Dr. Rettaliata’s mention of the Curtis stage as an application 
of the De Laval nozzle is gratefully acknowledged. This was omit- 
ted by the authors since they were under the impression that the 
expansion under such circumstances rarely reached the saturation 
line. In reply to his question concerning Fig. 7A, the authors 
wish to state that under some circumstances several orders of 
visible spectrum were seen in these cases. In the case shown in 
Fig. 7B, illustration a, several orders were usually seen. 

The drawing submitted by the writer is very interesting. The 
authors have succeeded in photographing these eddies on colored 
moving-picture film and their action is much like that suggested 
by the writer. The extrapolation of the curve in Fig. 11 is very 
interesting. While this extrapolation may not be entirely valid, 
nevertheless it does seem, from the slope of the Wilson line, that 
the condensation limit may go as low as the 11 per cent moisture 
line. Dr. Rettaliata’s suggestion that the Wilson line is not a 
line at a fixed moisture content, but rather a line which succes- 
sively intersects lines of higher moisture content is very probably 
correct. His predictions may be corroborated by the high-pres- 
sure tests which the authors hope to carry out this year. 

To reply to Professor Keenan’s somewhat detailed comments, 
it should be stated that none of the points in Fig. 8 represent cor- 
rections of the old test. It would be difficult to give correction 
figures for these old data since many variables are involved. In 
reply to his second question, ultimate condensation is usually 
distinguishable when primary condensation occurs and it usually 
takes place just as if primary condensation had not been present. 

The authors feel that Professor Keenan has overestimated 
their intentions in his comments on their analytical work. The 
experimental work has not yet been carried to the point where all 
of the questions about the condensation of flowing steam can be 
answered. It was the authors’ intention to present, primarily for 
the sake of getting it on the record, the conventional approach 
to undercooling and the losses resulting from it. They hope that 
they can carry the analysis further after they have obtained more 
experimental results. 

The question of the visibility of light scattered by particles of 
radius 1.5 X 107% ft can be answered in this fashion. The light 
Scattered by molecules can be observed against a perfectly black 
background, if the eye is allowed to become accustomed to the 
very faint illumination. Photographs have been taken with ex- 
posures of several hours. The light scattered by the particles 
observed by the authors is of such intensity that it can be photo- 
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graphed with an F:4.5 lens and an exposure of one-fifth second 
using Verichrome film. The range of intensity covered by these 
widely different experiments is far greater than 1000 to one. 

The authors’ suggestion that the condensation process may be 
one of constant volume was not intended to be a dogmatic state- 
ment of the situation. Since Professor Keenan rises in defense 
of the fundamental principles of mechanics and thermodynamics, 
the authors feel that they must amend their suggestion. The ob- 
served rise in pressure is just about enough to cause the volume 
to remain constant despite the increase in temperature resulting 
from the latent-heat release. 

The mechanism by which the temperature of the steam rises 
when condensation occurs is still mysterious even though Pro- 
fessor Keenan brings forth such examples as the dissolving of 
sulphuric acid and the combustion of coal. 

The authors appreciate Professor Keenan’s interest in the sub- 
ject and they hope that before this series of papers is concluded 
the careless statements and unsound analysis to which he objects 
will have been cleared up. 

The authors will welcome eagerly the paper projected by Mr. 
Warren. The classic tests to which he refers have been a gold 
mine of information for turbine designers and they can probably 
be worked still further to yield more material. 

The point raised by Mr. Smith concerning the use of the specific- 
heat ratio 1.315 for all types of steam is interesting. It must be 
noted, however, that while the steam in a wet-steam mixture 
continues to act as if it were dry, nevertheless, the drops of mois- 
ture exercise a braking effect which must be considered in calcu- 
lating the flow of wet steam. 


Rubber Cushioning Devices’ 


F. L. HausHatter.? The authors have presented a remarkable 
and valuable paper on the physical properties of rubber and their 
special application to the design of springs for vehicles. No one 
appreciates more than the writer the statements made regarding 
the meagerness of the knowledge available about rubber as a 
structural or engineering material. Of necessity, much of this 
knowledge must be based on empirical data, for, after all, the 
exact structure of the rubber molecule is not positively known as 
yet; and since the elastic properties of rubber must be connected 
with the structure of the molecule itself, there is no definite basis 
on which to formulate the laws of behavior of rubber, whether in 
tension, compression, or shear. 

For instance, in the literature on the structure of the rubber 
molecule, as compiled. recently by Houwink at Delft, one might 
read at length of the two-phase theory of Ostwald, who assumed 
rubber to have a cellular structure formed by the membranes of 
the latex globules, which are glued together. The gelatinized 
content of these latex globules is thought to form an open micel- 
lar net, bathed in hydrocarbons of low molecular weight. Then, 
there is Hock’s chain theory, which would have us believe that 
long aggregates are oriented by stretching, and thereby become 
more densely packed, which may explain the increase in the den- 
sity of rubber. Closer packing may produce stronger coherence 
between the chains. Then again, Busse comes along and assumes 
the rubber molecules to be kinky, instead of the rigid rods of 
Staudinger. Busse says the kinky molecules are somewhat 
flexible, entangled fibers of considerable length, accounting 
thereby for a certain amount of elasticity in the structure. Busse’s 
theory may also account for the typical S-shape of the stress- 
strain curve of rubber as the kinky fibers unravel. 


1 Published as paper PRO-59-5, by C. F. Hirshfeld and E. H. Piron, 
in the August, 1937, issue of the A.S.M.E. Transactions. 

2 Development engineer, mechanical division, new-products de- 
partment, B. F. Goodrich Company. 
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There are many other theories, such as the kinetic theory of 
Guth and Mark, the centrifugal theory of Griffith, the helical- 
spring theory of Fikentscher and Mark, and the folded-chain 
theory of Mack, which cannot be discussed here. The point is, 
the definite structure of the rubber molecule is not yet known. 

Rubber as a base material and as a vegetable is subject to a 
great number of variables, many of which start at the plantation. 
Latex varies some from tree to tree and from season to season. 
Iron is iron because the metallurgist can definitely trace it ana- 
lytically, but the rubber molecule cannot be so analyzed, as yet, 
in spite of the vast amount of photomicrographic and X-ray 
work which has been done. Obviously, a great deal can be 
done in the direction of control of the variables which affect the 
rubber after the crude sheet is received in the rubber factory, yet 
it is found that one variable in the rate of cure of rubber is due to 
the bacterial decomposition of the serum substances in the rubber 
after coagulation. Also, trees after long rest from tapping yield 
slow-curing rubber. 

A vast amount of work is being done to bring under control the 
variables in the manufacture of rubber. This includes pre- 
mastication of the crude rubber by the Gordon plasticator, sof- 
tening of this premasticated rubber in heating ovens for a definite 
number of hours under a closely controlled temperature, in order 
to control the plasticity or softness of the rubber, constant check- 
ing of the quality and fineness of particles of sulphur, pigments, 
softeners, and other materials which are used in compounding 
rubber. 

For instance, to control the modulus or stiffness of the rubber 
used in the streetcar springs described by the authors, small 
disks are cured from each 250-lb batch of stock mixed, and the 
samples are tested for hardness both by the A.S.T.M. hardness 
tester and the Pusey and Jones plastometer. This close control 
of hardness, which is found necessary to meet the specification for 


shear modulus, results in the rejection of a surprisingly large 
number of batches. 

The writer agrees with the authors that rubber acts very much 
like a liquid and therefore does not lend itself to exact structural 


formulas. In hydraulics, water passing through an orifice has a 
velocity dependent upon the coefficient of the orifice; that is, 
upon the shape and size of the orifice. This coefficient generally 
must be determined empirically. In the same sense, it will be 
necessary to continue to determine empirically a great number 
of the coefficients for rubber. The modulus G is some such 
a coefficient. For instance, consider a torsion spring where rub- 
ber is vulcanized between inner and outer steel tubes, and used as 
a spring by holding fixed one of the tubes and turning the other. 
Such a spring follows quite closely the formula 
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where d deflection, radians 
WL = torque, in.-lb 
b effective length rubber, in. 
r inside radius of rubber, in. 
To outside radius of rubber, in. 
G modulus of elasticity of rubber in torsion. 


This formula is exactly the same as that determined by Couette 
for his rotating-cylinder viscosimeter. The torque applied to the 
cylinder balances the viscosity of the liquid and the coefficient 
of viscosity, K, is merely substituted for the modulus coefficient, 
G. 

It should be pointed out that at the present time the limitations 
of rubber springs are not in reality associated with adhesion of 
rubber to metal. The art of bonding goes back a great number of 
years. The limitations of rubber for springs the writer believes, 
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are those resulting from creep, or drift, as the authors call it. 
The higher the stress on the rubber, the greater is the drift over 
a definite period of time. Data are available which help us to 
predetermine what the drift will be in a spring made of a specific 
rubber, say, at the end of five years, when operated at a specified 
maximum stress. This drift is very closely allied with the hys- 
teresis loss in the rubber, and hysteresis, in turn, is linked in- 
separably with the structure of the rubber and the thoroughness 
with which the sulphur has penetrated the rubber molecule. 

As is well known, the carbon content of steel very materially 
affects its physical properties. It is relatively easy for the met- 
allurgist to adjust the carbon content of a batch of hot iron. But 
is it so easy for the rubber chemist to adjust the amount of sul- 
phur in his rubber batch and be sure that that sulphur has 
thoroughly penetrated each rubber molecule? In the one case, 
the metallurgist is adding carbon to a molten mass; in the other, 
the rubber chemist is trying to work sulphur into the rubber 
molecule by kneading and mixing. Even though thoroughly 
mixed by working the plastic mass back and forth on warm rolls 
or by the blades of a Banbury mixer, the indications are that the 
sulphur does not penetrate to the center of the rubber molecule. 
The creep or drift obtained in the rubber under load may be due 
to this fact that the sulphur, which produces the permanent 
change in the structure, has not permeated all of the rubber. 

As far as measuring the creep or drift is concerned, it is the 
writer’s opinion that the A.S.T.M. standard method of test for 
permanent set can be used to determine long-time drift. On 
such pieces as spring-shackle bushings and motor supports, 
the automotive industry has used for a number of years this 
method of insuring the purchase of rubber articles with satis- 
factory drift characteristics. An enormous amount of work has 
been done to evaluate this test in terms of service results. Stand- 
ardizing on a definite size and shape of sample to be tested elimi- 
nates some errors which creep in as a result of the particular size 
or shape of the finished article; for size and shape, and whether - 
or not the rubber is bonded to metal, do decidedly affect drift. 
As an example of the effect of bonding rubber to metal, when 
rubber is cured to two flat disks of considerable size in proportion 
to the thickness of rubber, the shrinkage of the rubber after 
vulcanization is nearly twice as great in a direction at right angles 
to the plane of the disks as it would be were the rubber not bonded 
to the metals. After all, a fluid takes the direction of least re- 
sistance. 

It would be very desirable to have a rubber spring with a high 
damping coefficient, but with a compound giving this the drift 
greatly increases. A combination of high damping and low drift 
in a rubber stock is yet to be found. The two conditions, ap- 
parently, are diametrically opposed. Work is still going on, 
however, and there are some possibilities in this direction with 
improvements in synthetic rubber. 

As the writer sees iv, the job of the rubber technician is to run a 
sufficient number of tests on rubber under dynamic conditions 
so as to evaluate them in terms of tests under static conditions 
and obtain the relationship between the two in terms of per- 
centage. For instance, Carriere pointed out as early as 1903 that 
the hysteresis stress-strain curve of a rubber-sulphur cord shifted 
to the right on the diagram when the rate of load application in- 
creased from 100 g per 9 sec to 100 g per 136 sec. The hysteresis 
loop obtained at the higher speed showed a softening effect in 
the rubber, but what was the change in percentage? The change 
in elongation averaged only 4 per cent on the extension curve and 
12 per cent on the return curve, even though the rubber was 
stretched 500 per cent. 

Considering that the design engineer would not work the rub- 
ber, in practice, over 100 per cent elongation, it is apparent that 
the laboratory data are only significant in so far as one considers 
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the range of stress or elongation to which he must limit himself. 

It is undoubtedly true that each of the large rubber companies 
has on hand a large number of data on the physical properties 
of rubber as affecting design of rubber goods such as rubber 
springs which data have not been published, or even so compiled 
as to be readily used by a rule-of-thumb method. Obviously 
one must have a yardstick by which to measure and it cannot be 
changed every other day. The writer believes it would be a fine 
thing for an organization, like the rubber committee of the A.S. 
T.M. to establish the physical properties of basic rubber recipes, 
such as a rubber-sulphur mix, at a definite cure, and work out the 
coefficients, such as modulus of elasticity in tension, compression, 
and shear for specific sizes and thicknesses of the rubber. Also 
such work as Mr. Keys has already started, on correction coef- 
ficients of compression slabs of the rubber of various sizes, thick- 
nesses, and shapes, could be carried further. 

Undoubtedly, in such an organization, basic information could 
be formulated that would be of real value to the engineering 
profession. By working together in this direction, we can, as the 
poet said, ‘Advance on chaos and the dark.” 

{In paper PRO-59-5 as published in the August, 1937, issue of 
Transactions of The American Society of Mechanical Engineers 
an error appears on page 485, in the left-hand column, just op- 
posite Fig. 16. The sentence now reads “A permanent set or 
flow .... with unit loads of 200 to 4000 lb per sq in.” The 
number 4000 should be 400.—Epitor. | 


The Springwells Station of the 
Detroit Department of 
Water Supply' 


G.H.FENKEuL.? The project described by the authors was com- 
pleted with marked success. There was an absence of law suits 
and serious litigation, and from the beginning there was a freedom 
from clashes in authority, misunderstandings, and differences of 
opinion that interfere with the orderly dispatch of work. It is 
with a view of presenting to others the reasons for harmonious 
action by city officials, contractors, and employees, that this 
statement is presented by the writer. These reasons are as fol- 
lows: 

1 The site was secured before the engineering organization was 
effected. 

2 The members of the engineering staff were secured through 
Civil Service examinations held simultaneously at forty places in 
the United States. 

3 The engineering work was begun sufficiently early to allow 
ample time for preliminary, but thorough, consideration of the 
problems involved. 

4 The architect, J.C. Thornton, was familiar with the design of 
structures for the accommodation of engineering works. 

5 A cost-accounting and office system was established before 
construction began, covering work by contract and force account, 
and providing orderly office methods. 

6 The contracts included provisions for arbitration of disputes 
between contractors and the department. 

7 Many contracts provided for evaluation of bids, and this ap- 
plies particularly to the purchase of mechanical equipment. 

8 Consulting engineers were employed as circumstances justi- 
fied. 

9 The services of the engineering and architectural staffs of the 
Detroit Edison Company were made available to the department 


_ | Published as paper HYD-59-3, by W. C. Rudd and B. J. Mullen, 
in the May, 1937, issue of the A.S.M.E. Transactions. 
* General Manager, Department of Water Supply, Detroit, Mich. 
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on this work through the good offices of Alex Dow, president of 
the company. 


D. J. Lyncu.* This paper, outlining tests run at the Spring- 
wells Station, brings up a point which was thoroughly discussed 
before and during the testing of the turbines, namely the condition 
of the units at the time of the test. 

Rarely is it attempted to run acceptance tests so long after 
manufacture and delivery of equipment. These units were sold 
and designed in 1929, but manufacture was delayed by the pur- 
chaser until 1930 and 1931. Therefore, the condition of the units 
at the time of the test was a point of interest. 

Considerable rust accumulation, caused by pipe corrosion,‘ was 
carried in the turbines, particularly the unit designated by the 
authors as the No. 1 5000-kw unit, which was the first turbine in- 
stalled. The purchaser was advised that the manufacturer could 
not accept the results of a test unless the units were restored to 
the condition they were in at the time of delivery. 

The practice of the General Electric Company in making tur- 
bine-efficiency guarantees is to base the figures on a large number 
of tests on turbines either in its own factories or in purchasers’ 
stations. These tests are made on turbines that have been in op- 
eration for some time, but which are in good condition. The 
rate at which turbines become fouled varies widely in different 
stations. Some turbines after a year’s operation are as clean as 
when they were shipped, while others are sufficiently damaged at 
the end of a few months to affect seriously their efficiency and 
load-carrying capacity. To attempt to define “commercial oper- 
ating conditions” more explicitly in any code is practically impos- 
sible. We know of no other way to make guarantees that are 
based upon any definable condition except to continue to make 
them based on tests of normally clean turbines. 

Unsuccessful attempts were made to clean the No. 1 unit with 
kerosene under pressure, and considerable scraping of the nozzles 
and buckets was resorted to. Bucket edges were straightened as 
well as possible, and an attempt made to remove dents and pits. 

The No. 2 5000-kw turbine was considerably less pitted and 
dented, and at the suggestion of a large operating company it was 
quite successfully cleaned by the use of fly-ash. The results of 
tests of this unit very closely approached the calculated values 
on which the guarantees were based in 1929. This was to be ex- 
pected, as these calculations were based on the results of consider- 
able research and tests of previous similar units. 

The advantages of cleaning by fly ash were not appreciated at 
the time of cleaning the No. 1 unit. The superiority of this 
method of cleaning over scraping lies in the fact that the scouring 
is done in the direction of steam flow, while scraping is, of neces- 
sity, done across the line of steam flow, leaving an irregular sur- 
face with ridges across the line of flow. 

These two units are duplicates and, if the No. 1 unit had been in 
as good condition at the time of test as the No. 2 unit, the perform- 
ance of the two units would have been the same. 

The tests of the 500-kw units were disappointing and a careful 
analysis of the design and condition of the units is being made to 
locate the discrepancy between calculations and performance. 


M. Sprtuman.® The section of the authors’ paper dealing with 
comparisons between model and full-size pump performances is 
significant and invites a few comments. Harmony between per- 
formances of models and prototypes requires perfect analogy be- 
tween the two, as well as between their piping systems. 


3 Engineer, General Electric Company, Lynn, Mass. 

4 ‘Detroit Tunes Up its Springwells Pumping Plant,’’ by B. J. 
Mullen, Engineering News-Record, vol. 117, September 17, 1936, 
pp. 393-396. 

5 Engineer, 
Harrison, N 
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The model setup for the Springwells Station was made to assure 
accurate determination of the total dynamic head. This was ac- 
complished by arrangement of suction and discharge piping to and 
from the model so as not to interfere with velocity distribution at 
the gage points, which was made possible by sufficient straight 
pipe between the pump and the points where the head determina- 
tion was made. In effect this constituted an ideal arrangement 
and met the requirements of the specification as well as the rules 
governing tests for centrifugal pumps. 

When installed in the Springwells Station the full-size pumps 
did not have as favorable a setting. In the low-lift plant an elbow 
deflecting the stream at right angles to the horizontal axis of the 
casing, and within approximately 3'/. pipe diameters from the 
discharge flange with a gate valve and an increaser interposed 
between the elbow and the pump, had the effect of greatly inter- 
fering with the velocity distribution at the gage points. The ex- 
perience gained from the tests indicates that for the determination 
of station efficiency by model tests it is better practice to forego 
testing model pumps under an ideal setup in favor of testing for 
performance which includes the entire piping system including the 
pump, so that the entire energy from inlet to exit is taken into 
consideration and compared with the shaft horsepower input. 

This procedure is preferable especially on low-head pumps 
where with the ordinary methods of testing a large percentage of 
the energy is represented by velocity head. 

Where the installation is of considerable magnitude such as at 
the Springwells Station, it will be found desirable to build two 
models, making the second approximately 50 per cent larger in 
linear dimensions than the first one. This will greatly enhance 
the ability to make the full-size guarantee come closer to the speci- 
fied requirements. 

Because of the absence of any regulating or adjusting devices 
in a centrifugal pump as compared to a water turbine, the greatest 
care must be taken in all items pertaining to model testing when 
these pumps are to be operated at the fixed speeds by electric 
motors. 


AvutTHors’ CLOSURE 


In the discussion submitted by Mr. Lynch it is stated that 
No. 1 5000-kw turbogenerator was the first unit installed. The 
authors wish to submit that both units were installed simul- 
taneously. Mr. Lynch undoubtedly wishes to bring out the 
point that unit No. 1, was the first one operated. However, 
unit No. 2, was the first machine operated and it was put in 
operation for a period of 22 days before starting unit No. 1. If 
the pipe lines, which had been standing idle due to the reasons 
expressed in the paper, and rusting over a period of nearly three 
years, were to deliver rust particles and dirt to the turbines, it 
is evident that a great part of this dirt in the pipe lines would 
have been eliminated during an operating period of 22 days. 
Unit No. 1, the test on which Mr. Lynch states was not satis- 
factory, was then put in operation for a period of 28 days. 

The statements made by Mr. Lynch imply that there was a 
considerable amount of denting and pitting in the turbine blad- 
ing caused by dirty steam, but the peculiar thing is that unit 
No. 2, which consumed most of the dirt, because it was operated 
first, was found to be more economical than unit No. 1. 

The tests indicate that unit No. 1, consumed !/2 per cent more 
steam than that guaranteed and that unit No. 2, consumed 1.4 
per cent less steam than was guaranteed, which results in a total 
variation of less than 2 per cent for the two machines. 

The steam flow for the 500-kw turbines was 3.4 per cent for 
one unit and 5.3 per cent for the other unit, more than the 
guaranteed steam consumption. 

The fly-ash method of cleaning, which was used on unit No. 2, 
is considered satisfactory, but it leaves a certain amount of dirt 
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which must be removed by hand scraping. In this connection the 
authors wish to state that the services of two men for a period 
of one week were required to scrape the turbine blading on unit 
No. 2, after the fly-ash operation was completed. 

Mr. Lynch further states that it would be practically impos- 
sible to define ‘“‘commercially clean” operating conditions in any 
test code. He makes this statement because there was difference 
of opinion between the engineers of the Water Department and 
the General Electric Company, on this point. The authors 
believe that the results of the tests of turbines in a “‘shop-clean 
condition” do not in any way give to the purchaser the 
average efficiency that will prevail throughout a long period of 
operation of the turbine from one time of cleaning to another. 
It was the intent of the Water Department, in establishing bonus 
and penalty clauses in the contracts, to conduct acceptance tests 
on the turbogenerators, under average operating conditions, and 
within six months after installation of the machines, and with- 
out internal cleaning of the turbines prior to testing of them. 

A statement is further made by Mr. Lynch that the two units 
are duplicates and that if unit No. 1, had been in as good condi- 
tion as unit No. 2, the results of the tests would have been the 
same. The authors submit that two supposedly identical ma- 
chines tested under similar conditions, will not give absolutely 
equal results. There are many reasons to support this conten- 
tion, but for the sake of brevity, their enumeration is omitted here. 

Mr. Spillman’s comments on model pumps and their relation 
to large centrifugal pumps are interesting, and the authors are 
in full accord with his statements. 


Resistance of Lightweight 
Passenger Trains’ 


P.A.McGeg.?. When one considers the large number of factors 
which influence the resistance of train motion on rails such as 
climatic and temperature conditions, the condition of track, the 
arrangement of trucks, the type of bearings employed together 
with their axle loads, and the shape, size, and length of train 
superstructure together with its truck suspension, it would in- 
deed seem difficult to develop simple resistance formulas that 
would give accurate results over any extended length of track even 
on any one railroad. 

However, since the performance of a train over the average 
profile with the usual station stops, slow downs, and grade con- 
ditions is influenced more by these latter conditions than the 
tractive-resistance values encountered on normal level tangent 
track, it would seem that for all practical purposes a simple ap- 
proximate formula for tangent tractive resistances is all that is 
required. It is even possible to employ tangent-track resistances 
which vary over 15 per cent with a given train on a typical pro- 
file without materially affecting the train’s schedule. 

Accelerating and grade conditions are of such great importance, 
especially with high-speed trains, that the most important index 
of a train’s performance is generally the weight of the train per 
horsepower available at the driving wheels, rather than its tan- 
gent-track resistance at some free running speed. 

Such being the case, the writer suggests that our available 
knowledge of track-resistance factors and values might be sim- 
plified without in any way affecting the accuracy of the formulas 
suggested by the author of the paper.' 

As pointed out by the author, Davis* made a summary of re- 


1 Published as paper RR-59-3, by A. I. Totten, in the May, 1937, 
issue of the A.S.M.E. Transactions. 

2 Electro-Motive Corporation, New York, N. Y. 

3“The Traction Resistance of Electric Locomotives and Cars,” 
by W. J. Davis, Jr., General Electric Review, October, 1926, pp. 685- 
707. 
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sistance tests and formulas which were developed by many au- 
thorities. Davis selected from this collection certain constants 
and values which he suggested might be taken as representa- 
tive under typical conditions of operation and these values are 
quite generally employed today. 

In common with recognized practice, the author suggests that 
we retain the three segregations of tangent-track train resistance; 
namely, (A) those that are constant with respect to speed, (B) 
those that vary as the first power of speed and (C) those that vary 
as the square of the speed. 

Resistances A and B are purely mechanical and are a function 
of the train weight and weight concentration. In other words, 
they are a function of the weight per foot and total train length 
and may be conveniently represented on a length basis. Resist- 
ance C is that caused by air and is a function of the shape, cross- 
sectional area and length of the train; it is independent of the 
train weight and may be most conveniently represented on a 
length basis. 

Typical train weights including the motive-power unit vary be- 
tween 100 and 3500 lb per ft. Typical train lengths vary be- 
tween 100 and 1500 ft. 

Taking the constant-resistance values A with axle loads corre- 
sponding to train weights of 1000 lb per ft, the resistance is 4 lb 
per ton or 2 lb per ft. With trains weighing 3500 lb per ft, the 
constant resistance is 2.8 lb per ton or 4.9 lb per ft. Similarly, 
with the variable-resistance values B where trains average 1000 
per ft, a factor of 0.04V per ton or 0.02V per ft should be em- 
ployed, whereas with a train averaging 3500 lb per ft a factor of 
0.028V per ton or 0.05V per ft should be employed. For inter- 
mediate values of train weight per foot, corresponding values 
for the resistances A and B may be developed. 

Consider now the air-resistance values which are a function 
of the square of the speed. It was thought a few years ago that 
special shaping of the train sides and coach connections would 
materially reduce the total train resistance. This optimism was 
caused by a misunderstanding of the extent and value of trailer- 
coach air resistance in any train. The air resistance per foot of 
the trailer coaches in any train is relatively small and it is diffi- 
cult to see the necessity of considering the many detailed factors 
employed in the air-resistance formulas suggested by the author, 
especially when they are all vitiated by such a factor as “favor- 
able” or “adverse design elements” which is nothing more or 
less than a personal opinion. 

As brought out by Goldsborough’s tests‘ in 1906 on actual full- 
size coach models, the real factor in air resistance is the front and 
rear-end shape of the train. Goldsborough developed factors for 
the standard end and the specially shaped ends from his tests 
of full-size models, and the best that wind-tunnel tests on very 
small models has done in the past few years is at times to con- 
firm Goldsborough’s factors. As far as the effect of the shape 
along the sides of the train is concerned, wind-tunnel tests on 
small models have given such variable results that they cannot be 
accepted as reliable although they do tend to show that elabo- 
rate side shaping has but little effect. 

The writer believes that this same conclusion must be drawn 
from the author’s air-resistance formulas. A difference of less 
that 10 per cent between so-called ideal streamlined coaches and 
conventional coaches, and a difference of about 8 per cent be- 
tween adverse streamlined coaches and conventional coaches 
are less than the limits of accuracy of either calculation. 

The writer suggests as a starting point, that consideration be 
given Goldsborough’s values for head-end and rear-end shapes, 
and that additional experimental data be obtained on full-sized 


‘Tests made by Electric Railway Test Commission at St. 
Louis, Mo. 
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trains before definitely attributing values to special coach con- 
tours and truck aprons. 

The writer’s suggested method of applying train-resistance 
calculations can be represented conveniently in chart form as 
shown in Fig. 1 of this discussion. The upper three curves A give 
directly the constant resistance for trainsweighing 1000, 2000, and 
3000 lb per ft, respectively, for any given train length. The 
intermediate curves B give the variable-resistance factors for 
these same three train weights; however, these latter factors 
must be multiplied by the speed to obtain the resistance values 
for any given train length. The lower curves C give air-resist- 
ance factors for a conventional train with standard ends, a con- 
ventional train with special ends, and a special train of small 
cross section with standard and special ends. The standard 
train is assumed to have perimeter of 41 ft, while the special train 
is assumed to have a perimeter of 32 ft. 

The air coefficients employed in compiling curves C are those 
developed by Goldsborough for the front and rear end of a train 
and those developed by Schmidt and Dunn‘ for the skin and eddy 
effects on the longitudinal surfaces of a train. To obtain the 
total resistance of a train it is only necessary to add the three re- 
sistance values given in Fig. 1 of this discussion for the particu- 
lar train length given as abscissas. 

A comparison of the tractive-resistance values obtained with 
Fig. 1 of this discussion and the author’s formulas may be made 
readily with the two hypothetical trains considered by the author 


TABLE1 TRAIN RETA AT 90 MPH FROM FIG. 1 OF THIS 


CUSSION 
Author’s 
Train End -—— Resistances values for 
length, forma- adverse de- 
ft tion A B Cc Total Hp sign, hp 
C = 0.71 
C = 25 C = 0.57 
780 Cc 2200 2250 5750 10220 2450 Not shown 
780 8 2200 2250 4610 9080 2180 2187 
C=4.4 C=0.178 
198 Ss 450 396 1440 2286 550 Not shown 
198 S-SS.... 435 


C = conventional; S = special; S-SS = special and special sides. 


The first train with full cross 
The second 


in the paper under discussion. 
section is 780 ft long and weighs 1800 lb per ft. 


5 University of Illinois, Bulletin No. 43. 
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train with reduced cross section is 198 ft long and weighs 12!~ lb 
per ft. From Fig. 1 of this discussion, interpolated for the exact 
weight per foot, the resistance values given in Table 1 of this 
discussion are obtained without allowance for special shaping 
of trailer-coach bodies and with conventional and special-shaped 
ends. Values for the author’s adverse design are also given in 
this table for comparative purposes; these latter values are from 
7 to 8 per cent higher than those for the ideal design, also given 
by the author in the paper. 

As might be expected, the values obtained from Fig. i of this 
discussion for trains with special-shaped ends and conventional 
coaches check very closely with the author’s values for the 780- 
fttrain. By specially shaping the sides of the coaches, the author 
shows a further reduction of about 7 per cent with this train. 
With the 198-ft train, the values obtained with Fig. 1 of this dis- 
cussion are about 26 per cent higher than those given by the 
author. This large difference can hardly be accounted for by 
the special shaping of the sides of this small train, and the writer 
doubts very much that 435 hp at the driving wheels could pro- 
pel this train at 90 mph on level track. 

Allowances for adverse wind conditions can of course be easily 
made by assuming a higher train speed than actually obtained. 
Such an assumption, however, is so arbitrary that the writer 
doubts that it can be usefully employed. The writer contends 
that it would be better to assume still-air conditions for normal 
operation, unless there is some special prevailing wind in the dis- 
trict, and allow for adverse conditions by adding a safety mar- 
gin to estimate schedules. 

With train auxiliary devices such as axle generators for air- 
conditioning and lighting equipment the writer is of the opinion 
it that is an unnecessary and inconvenient procedure to reduce 
these to pounds resistance per ton and then convert them back 
into horsepower values at the driving wheel. Why not retain 
these as horsepower values and add them to the motive-power 
requirements? 


AvuTHOR’s CLOSURE 


The author is inclined to believe that Mr. McGee is magnify- 
ing the amount of work involved in applying the formulas shown 
to the various problems encountered. As a matter of fact, not 
more than 15 minutes will be required to establish a train-re- 
sistance curve for the full range of speed desired. 

It is fully appreciated, that train-resistance values on tangent 
level track represent only one element of train operation, also 
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that such values, irrespective of the method of computation, are 
susceptible to variation, due to different factors, prominent among 
which are climatic conditions. The desirability, however, of 
starting, with what might be termed a computable base, appears 
to be unquestioned. As a consequence, there is obtained a defi- 
nite result, ideal in nature, but susceptible of modification to fit 
special conditions. The adjustment factor generally takes the 
form of a time leeway on schedules and a percentage increase of 
the calculated power requirements. 

There is no question but that the formulas presented can be 
expressed in the form of curves, as indicated by Mr. McGee, but 
it may be desirable to consider separately the locomotive and the 
trailing cars, on account of the different axle loadings, possibly 
different kinds of journal bearing and other factors involved. 

Normally, train-service calculations are based upon a known 
type and capacity of motive power, for which a curve of speed 
versus tractive effort is available. Sometimes the capacity of the 
motive power represents the unknown value X in the equation 
and must be determined by the cut-and-try method for a specified 
train weight and schedule requirement. In either event, it seems 
preferable to consider axle generators receiving power from the 
car wheels, as an element of resistance, rather than to deduct or 
add the equivalent horsepower to the prime mover. 

The importance of accelerations, slow downs, and grades can- 
not be minimized as factors of railroad operation. Even under 
normal rolling grade conditions with through trains, these oc- 
casion a power increment of 20 to 30 per cent over that required 
for train resistance alone, based upon units applicable to the aver- 
age running speeds. Likewise they have a decided effect on the 
schedules. 

The utilization of ‘train weight per horsepower” or “horse- 
power per unit of train weight” have, to the author’s way of 
thinking, little value in studies relating to train operation, ex- 
cepting as a measuring stick for generally similar equipment. 

Special comment is made by Mr. McGee on ‘“‘Example—Case 
No. 3,” as given in the paper. The published curves of speed 
versus tractive effort for the power unit of the Burlington 
“Zephyr” show about 450 wheel hp at 90 mph. The calculation 
of 435 hp required at this speed, indicates that the balanced 
speed, under the assumed conditions, will be slightly more than 
90 mph. The application of Mr. McGee’s chart results in a 
balancing speed of less than 85 mph, which does not appear to be 
in accordance with the facts, as presented by the E. G. Budd Co. 
or the Chicago, Burlington, and Quincy Railroad Co. 
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Slag and Deslagging of Steam-Generating 
Equipment 


By ALEX D. BAILEY,' CHICAGO, ILL. 


This is a discussion of the slagging of steam-generating 
equipment when burning low-grade coals having a high 
percentage of ash which fuses at relatively low tempera- 
tures. Slagging trouble has increased as the capacity and 
efficiency of this equipment have been increased, and the 
means for reducing it are briefly described. 

Since the character of the fuel is such that the cause 
cannot be removed before the coal is burned without de- 
stroying the coal itself, slagging is generally accepted as a 
necessary evil. The design of steam-generating equip- 


ment is gradually being changed so that it will be better 


adapted to the coal to be burned, give less slagging trouble, 
and stay in service for longer periods. 

Reducing the ash content of the coal by washing or any 
other means is, of course, advantageous, but the chemical 
treatment of coal with a view to eliminating slagging 
troubles or reducing them has been generally unsuccessful. 


HILE the subject is an old one and the story may have 

V \ been told many times in a variety of ways, it seems ad- 

visable to give a résumé of it once more, in order to 
emphasize its importance and to provide the basis for a general 
discussion. 

There is probably no subject in connection with the operation 
of steam-generating equipment, using low-grade coal, which has 
received so much attention as slag and the means for combating 
it. A bibliography would be extensive with regard to its chemi- 
cal composition, means of prevention, or any of the other steps 
from its origin to its disposition, but, like Mark Twain’s com- 
ments about the weather, although everyone has talked about it, 
no one seems to have done much about it. It is, however, one 
subject which operating engineers quite generally agree needs at- 
tention, since it has caused much hard work with accompanying 
perspiration and profanity. 

It seems to be one of the perversities of nature that coals hav- 
ing the highest percentage of ash also carry ash with the lowest 
fusing temperature, and in these coals the impurities constitut- 
ing the ash are so intimately a part of the coal structure that it 
seems physically and economically impossible to remove them to 
a satisfactory extent without destroying the coal itself. If it 


‘Chief Operating Engineer, Commonwealth Edison Company. 
Vice-president, A.S.M.E. Mr. Bailey was graduated from Lewis 
Institute in 1903 with the degree of M.E. and in that same year 
entered the employ of the Commonwealth Edison Company, in 
whose service he has remained for thirty-four years. Mr. Bailey 
has served as manager of the A.S.M.E. and as chairman of the 
Advisory Board on Standards and Codes, as a member of the Main 
Research Committee, and of the Power Test Code Committee on 
Stationary Steam-Generating Units. He has also served as chairman 
of the Chicago Section of A.S.M.E. 

Contributed by the Fuels Division and presented at the Annual 
Meeting of THE AMERICAN SocteTy OF MECHANICAL ENGINEERS, 
held in New York, N. Y., December 6 to 10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1938, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


were not for slag, the design of steam-generating equipment could 
be simplified and its operation would be a pleasure to any operat- 
ing engineer. 

In the early days of power generation, when small, low set 
boilers with refractory-lined furnaces were in vogue, furnace 
temperatures were seldom high enough to produce any serious 
slagging problems, except possibly in localized spots in the fuel 
bed, and gas velocities were so low that only a very small amount 
of the fine ash particles were carried into the boiler. There was 
generally sufficient excess air to keep the temperature of the fur- 
nace low enough so that even though these small particles had be- 
come fused in passing through the fuel bed, they were solidified 
before they came in contact with the boiler surface. The deposits 
on the heating surface were, therefore, in the nature of soot or 
fine particles of dry ash, probably a mixture of both, and the 
cleaning of the heating surface was a relatively simple matter. 

As soon, however, as an effort was made to increase furnace and 
boiler capacities, slag commenced to play an increasingly impor- 
tant part in the operation of the equipment. As rates of com- 
bustion were increased, the resulting increase in the velocity of 
the furnace gases caused a greater amount of small ash particles 
to be carried through the boiler, and the higher furnace tempera- 
ture resulting from this increased rating, as well as a reduction in 
the amount of excess air, maintained the temperature of the gases 
striking the boiler surface sufficiently high so that these ash parti- 
cles were in a molten state. They adhered to the heating surface 
and gradually built up as each succeeding layer was cooled, until 
they completely plugged the gas passages in the boiler and insu- 
lated the heating surface. Particles which struck the walls of 
the furnace also adhered, but remained in a molten state, at- 
tacking the refractory materials and lowering their fusion point 
so that they were destroyed by erosion. The slice bar became 
the emblem of authority in the boiler room, and strong-arm 
methods were required to remove the slag accumulations on the 
furnace walls at the grate line. Slag built up on various parts of 
the furnace walls and on combustion-chamber floors, until its re- 
moval, when the unit was taken out of service, was a major ex- 
cavating operation. The removal of the slag from the closely 
packed heating surface of the boiler itself, with its restricted gas 
passages, was likewise a difficult task. As we look back at those 
earlier furnaces and boilers, we recognize them as first-class slag 
generators and slag traps. 

Accepting slag as a necessary, though unwelcome feature of 
furnace and boiler operation, attention was turned toward 
means for removing it while the equipment was in service, so that 
outages for cleaning could be reduced. Cleaning methods hitherto 
acceptable were no longer effective, and the only method of 
cleaning which seemed satisfactory consisted in cooling the boiler 
and furnace and removing the slag by brute strength. Blowing 
with a steam lance operated by hand, while the boiler was in serv- 
ice, an operation fairly effective in the past, had no effect on the 
slag, but it was about the only cleaning method available because 
of the restricted area between the boiler tubes. Attempts to 
knock off the slag with pokers and bars bent into fantastic shapes 
were also ineffective. 

Next followed a variety of permanent installations of so-called 
soot blowers, but again the closely packed tube bank prevented 
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effective performance, as these permanent blowers could be in- 
stalled only above or below and their range was limited. These 
blowers used steam, compressed air, and mixtures of steam and 
water, but, unfortunately, the slag accumulations were in that 
part of the boiler where the gas temperatures were highest and 
where it was consequently impossible to install permanent blow- 
ing devices. Realizing that the loosening of the slag was due pri- 
marily to the sudden change in temperature, water lancing was 
tried, in which a very fine jet of water was used with a hand-oper- 
ated lance, and while this was effective, there was always danger 
of causing leaky joints at the tube ends. All of these cleaning 
methods merely postponed the inevitable day when the unit had 
to be taken out of service and cleaned manually. A week’s opera- 
tion was about the limit for one of these boilers. 

The manual cleaning of a boiler was a real job. It is true that 
as the boiler cooled, some of the slag loosened and fell to the 
grates, but most of it had to be knocked off, and it was not sur- 
prising that all kinds of schemes were devised which might be 
substituted for hard labor. Shooting the slag off with shotguns 
was tried, and its advocates claimed considerable success. How- 
ever fantastic a proposed scheme might seem, engineers were will- 
ing to try any that gave even slight promise of keeping the boiler 
on the line a little longer or of simplifying the job of cleaning after 
it had been taken out of service. 

Following the old practice of throwing salt on a fire to burn the 
soot off the heating surface of a small boiler or for burning out 
the flue, a great number of chemicals have been marketed which, 
when added to the coal either dry or in solution, or blown into the 
furnace, purported to be effective in removing or reducing slag, 
increasing efficiency, and eliminating smoke. The age-old effort 
of the human race to avcid hard work is probably responsible for 
countless trials of these compounds by operating engineers, even 
though no satisfactory explanation of their action was given. 

In order to get the proper background, any engineer interested 
in the chemical treatment of coal should read Bureau of Mines 
Bulletin No. 360, published in 1932, which gives the history of 
so-called ‘‘soot removers’’ and describes their theory, composition, 
and performance. The first one of record, patented in England in 
1856, and called a “Smoke Prevention Composition,” was com- 
posed of quicklime and one-twentieth part soda ash. Since that 
time, various and sundry “flue cleaners,”’ ‘soot removers,’ and 
“soot destroyers’ have been patented in England and in this 
country, their composition including mixtures in varying propor- 
tions of sodium chloride, calcium chloride, potassium chloride, 
sulphates, and chlorides of zinc, copper and lead, sulphur, salt- 
peter, charcoal, resin, sawdust and ground oyster shells, with 
traces of a variety of salts too numerous to mention, and occasion- 
ally with the addition of some coloring material. Generally no 
scientific explanation of their beneficial action was given except 
the established fact that certain metallic salts when volatilized 
in a hot fuel bed have the effect of reducing the ignition tempera- 
ture of soot. The bulletin goes on to say, however, that soot can 
be burned out without removers provided the temperature of the 
furnace is sufficient for ignition to take place. 

Judging from the ingredients of most of the present-day slag 
removers their originators got their ideas from the soot removers 
and patterned their products after them, although salt seems to 
be a predominating constituent, probably for commercial reasons. 
Slag, however, is entirely different from soot and these com- 
pounds generally fall short of the claims of their advocates. In 
the first place, there is no combustible material in slag, as there is 
in soot, hence the principle of its removal must be entirely differ- 
ent. While the chemical treatment of coal or the addition of 
chemicals to the hot fuel bed is generally done with the idea of 
maintaining clean heating surfaces, and hence increasing boiler 
efficiency and capacity, no explanation is given as to what effect 
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such treatment has on the constituents of the coal which cause 
the trouble, that is, no scientific explanation. 

No matter how much they may have been plagued by the detri- 
mental characteristics of their fuel, engineers have indeed been 
gullible to expect that a pound of a particular purple powder dis- 
solved in a pail of water and sprinkled on a ton of coal would 
eliminate slagging troubles; or that a lesser or greater amount of a 
brown powder, blown into the furnace or sprinkled on the fuel bed 
at more or less frequent intervals, would have a like effect. 
Many of these compounds consist principally of salt and it is 
still an open question in the minds of many engineers whether or 
not salt sprinkled on a hot fuel bed in proper and sufficient quan- 
tities does have a beneficial effect on the character of the slag 
which makes its removal from the heating surface of a boiler less 
difficult. The writer, however, has never heard a satisfactory 
explanation of any supposedly beneficial changes in the chemical 
or physical structure of slag as a result of this kind of treatment. 

Few chemical treatments have been applied to large quantities 
of coal and the writer knows of only one case in which coal was 
treated at the mine before shipment. Generally the treatment is 
given the coal just prior to firing, or the treating material is 
sprinkled on the hot fuel bed or blown into the furnace. The 
amount of treating material used must necessarily be small, other- 
wise the cost would be so high that a considerable improvement 
in boiler and furnace operation would have to result to justify its 
use. Some of the materials recommended are evidently by-prod- 
ucts of some chemical industry for which an attempt is being 
made to find a market. 

The following materials and methods of use are typical of those 
recommended for coal treatment: 

A red crystalline product which was dissolved in water, from one 
to two pounds to a pailful, and sprinkled on the coal just previous 
to firing. This amount was applied to one ton of coal. The mate- 
rial was principally rock salt, with a trace of other salts and some 
coloring matter. 

A black crystalline material consisting of approximately 85 per 
cent sodium chloride and 10 per cent sodium carbonate, the bal- 
ance being carbon and carbonates of calcium and magnesium, was 
blown into the furnace while the boiler was banked and the damp- 
ers closed. After a reasonable time for gasification of the 
material, the boiler was blown with steam. About fifty pounds 
of this material was put into the furnace once each day, which was 
approximately one third of a pound per ton of coal burned. 

A gray granular material consisting of approximately 92 per 
cent sodium chloride and 4 per cent metallic zinc, with small 
amounts of iron oxide and sulphur, and traces of other salts, was 
sprayed on the fuel bed in varying amounts while the boiler was 
banked. In the first test, 10 lb of the material was put into the 
furnace on the first and third days, and thereafter 5 lb every 
other day. In the next test, the application was changed and 1 
lb was put in on the first and third day, while the next five treat- 
ments on alternate days were 2 lb each and from there on the 
treatments were 3 lb on alternate days. The amounts were 
varied slightly in succeeding tests, but the average was about 0.01 
lb of material per ton of coal burned. 

A gray lumpy material consisting of approximately 43 per cent 
calcium chloride, 18 per cent magnesium chloride, 38 per cent 
moisture, and traces of miscellaneous salts, was dissolved in water, 
4 lb per gal, and the solution sprayed on the coal using 2 gal per 
ton. The furnace and boiler were operated in the usual manner. 

A granular material consisted of approximately 94 per cent 
sodium chloride, 2 per cent zinc dust, and 1 per cent zinc sulphide 
with traces of other salts. This material was to be scattered over 
the fire “as you would sow grass seed. The fire must be hot.” 

A granular material consisting of approximately 50 per cent 
zine sulphate, 4 per cent sodium sulphate, 35 per cent water of 
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combination and moisture, 5 per cent, each, of starch and sugar, 
and a trace of sodium chloride, was dissolved in water using 5 lb 
to 5 gal, and this amount of the solution sprayed on | ton of coal. 

A black granular material consisted of approximately 75 per 
cent sodium chloride, 15 per cent potassium chlorate, 4 per cent 
each, of potassium dichromate and manganese dioxide, and traces 
of other salts. 

A granular material consisted of approximately 78 per cent so- 
dium chloride, 5 per cent sodium sulphate, 8 per cent zinc, 4 per 
cent zinc sulphate, and traces of sulphur, silica, and other salts. 

No one will ever know how many boiler tests have been run to 
prove or disprove the effectiveness of this or that method of coal 
treatment for slag prevention. Sometimes the results were en- 
couraging and sometimes the reverse, but it is probably true that 
if operating conditions had previously been faulty, the improve- 
ment shown after the coal was treated was the result of better fir- 
ing on the part of the demonstrator, rather than the use of the com- 
pound he was selling. Further than that, since a boiler test is 
never an exact test, the difference between two tests may show 
errors of testing rather than real differences in the performance of 
the equipment. Inspection of the furnace and boiler after defi- 
nite periods of operation with treated and untreated coal seems to 
be the best means of determining the effectiveness of any method 
of treatment, and photographs are frequently a great aid to mem- 
ory. 

Realizing that the fuel could not economically be improved toa 
sufficient extent to eliminate slagging troubles, engineers gradu- 
ally realized that continuous operation at high capacities could 
be obtained only by changing the design of steam-generating units 
so that they would be better adapted to the fuel which had to be 
burned. The refractory-lined furnace had to go, along with the 
closely packed boiler-tube bank, which was standard design. 
Water-cooled furnace walls which followed, served a multiple 
purpose, as they eliminated the troublesome refractory surfaces, 
which had been difficult and expensive to maintain, and they re- 
duced furnace temperatures. They also supplied additional heat- 
ing surface which was effective, as the slagging of this surface was 
not a major problem. Furnace volumes were increased, rates of 
heat release in the furnace were reduced, the velocity of the gases 
was reduced, and the length of the gas travel before the gases came 
in contact with the boiler, was increased. These changes re- 
sulted in fewer ash particles being carried in furnace gases, a 
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longer time was allowed for them to settle out, and the reduced 
temperature allowed them to solidify partially at least, before en- 
tering any congested part of the tube bank, so that they would not 
adhere to the heating surface. 

Tube banks in that part of the setting exposed to the higher 
furnace temperature were opened up, so that gas passages could 
not be bridged over with slag. Slag screens of various designs 
were devised, consisting generally of water-cooled tubes with wide 
spacing, installed between the fuel bed and the boiler. These not 
only served to reduce the gas temperature but actually screened 
the tube bank of the boiler from the radiant heat of the furnace or 
the fuel bed. Furnaces were designed for burning pulverized 
coal, in which the bottoms were flooded with molten slag, toward 
which the fuel being burned was directed. The change in direc- 
tion of the flame and furnace gases resulted in the impingement 
of a considerable proportion of the molten ash particles onto this 
fluid bed. In addition, provision was made so that those parts of 
the heating surface on which slag did accumulate could be cleaned 
while the unit was in operation. 

Turbulence, flame length, excess air, and other factors influenc- 
ing furnace operation, or incidental to it, have been investigated, 
and while each plays a more or less important part, none has 
proved more than partially effective in the fight against slag. 
Engineers are continuing to tax their ingenuity to eliminate 
or at least reduce this obstacle to efficient and economical op- 
eration. 

New methods of burning troublesome coals will be devised and 
tried, as will new methods of cleaning the heating surface of the 
steam-generating equipment, but it seems fundamental that 
equipment which is to operate successfully with coals containing 
large quantities of low fusing ash must be specially designed for 
the service. Anything that can be done economically to improve 
the fuel by removing part of the objectionable ash should, of 
course, be done, but so long as this coal is burned in its natural 
state, the slag problein will be encountered and will become in- 
creasingly important as attempts are made to increase the ca- 
pacity and efficiency of steam-generating equipment. 

The ultimate answer, of course, is better fuel, but until that is 
available engineers will probably continue to struggle along, try- 
ing out every kind of scheme proposed; hoping, that by good 
luck or some kind twist of fate, a new method will be successful 
in solving the slagging problem. 


4 
q 
q 
~ 
; 
q 
q 
4 
: 
. 


; 
tie 
> 
| 
Oe 
3 


MAN-60-1 


Income Versus Production 


By WALTER RAUTENSTRAUCH,' NEW YORK, N. Y. 


This study is an inquiry into certain trends in the origins 
and distribution of the national income and their effects 
on the capabilities of certain groups of the population to 
purchase the consumption goods produced. The study is 
divided into three parts: 

1 The relative incomes of the producing groups and the 
overhead groups from 1919 to 1935 considering the nation 
asawhole. It is an inquiry into the overhead on the total 
national plant. 

2 The relative incomes of capital and labor from 1919 to 
1934 in specific group activities, or the relative claims of 
capital and labor to the goods produced. 

3 A suggested outline of the process by which consump- 
tion goods become available to both the producers and the 
overhead groups. The general problem is income vs. pro- 
duction. 


OBODY in the United States can fail to be seriously con- 

| N cerned with the problem of obtaining the food, clothing, and 

shelter necessary to maintain the physical processes of living. 

To accomplish these objectives we have organized ourselves into 

groups to carry on the processes of production. Thus we have 
groups of people who engage in 


1 Agriculture 
2 Mining 

3 Manufacture 
4 Construction 


and the creation of the primary services of 


5 Electric light, power, and gas 
6 Transportation 
7 Communication 
These with allied activities such as lumbering and fishing, con- 
stitute the primary activities of production. The integration of 
all these productive operations is carried on by groups who en- 
gage in 
8 Trade 
9 Banking and finance 
10 Government 


In addition to these there are groups who render many mis- 
cellaneous services concerned with 


11 Health 
12 Teaching (secular and religious) 


1 Professor of Industrial Engineering, Columbia University. 
Mem. A.S.M.E. Professor Rautenstrauch received the degree of 
B.S. from the University of Missouri in 1902 and of LL.D. in 1932, 
an M.S. from the University of Maine in 1903, and in 1903-1904 
was a graduate student at Cornell University. From 1904 to 1906 
he was assistant professor at Cornell and since 1906 has served on 
the faculty of Columbia. He is the author of many technical 
papers. 

Contributed by the Management Division of THe AMERICAN 
Socrety or MECHANICAL ENGINEERS and presented at a meeting of 
the Metropolitan Section of the Society, New York, N. Y., February 
17, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


13 Arbitration (legal) 
14 Domestic and other activities 


In 1935 the total full-time-equivalent number of employees 
plus farm owners in the United States is estimated? as approxi- 
mately 34,000,000. Of these 19,600,000 were in the first seven 
groups; 8,400,000 were in groups 8, 9, and 10; 6,000,000 were in 
groups 11 to 14, inclusive. In 1929, these groups numbered ap- 
proximately 23,750,000, 9,250,000, and 7,000,000, respectively, of 
the total full-time-equivalent number of employees including 
farm owners of 40,000,000. Roughly approximated it appears 
that in 1929 nearly 60 per cent of the full-time-equivalent number 
of employees were directly engaged in the production of goods and 
the primary services of power, transportation, and communication, 
while the remaining 40 per cent rendered the services detailed in 
groups 8 to 14, inclusive. In 1935 the producers constituted 
only 57.5 per cent. 

It is interesting to note that many of those employed in pro- 
duction are engaged in producing capital goods, such as ma- 
chinery and buildings. Mills‘ estimates that in 1929, the value 
of durable goods (capital and durable consumption) was 35.2 
per cent of the value of total production not including construc- 
tion but including agriculture. There are no reliable estimates 
available of the number of persons employed in the production 
of capital or total durable goods. For the purpose of arriving 
at a perspective, let us assume that somewhat less than '/, of 
the full-time-equivalent number of employees in production, say 
6,000,000, were building capital goods in 1929 and the remainder, 
17,750,000, were producing consumption goods. This latter 
number is composed of wage earners, presidents, vice-presidents, 
treasurers, salesmen, farmers, clerks, and all other employees in 
any capacity. It is this group that raises and prepares our 
meats and vegetables, produces the shoes, stockings, hats, 
and clothes we wear, the books and papers we read, the light we 
read by, the cigars and cigarettes we smoke, the furniture and 
rugs we use in our homes, the automobiles in which we ride, and 
the films and equipments by which we are entertained. The 
remainder of the full-time-equivalent number of employees which 
in 1929 amounted to about 16,250,000 render that class of service 
which in industry is generally termed the overhead, that is, are 
engaged in useful activities, but not directly associated with the 
production of goods. Thus in 1929 the full-time-equivalent 
number of employees was roughly divided as follows: 


A, 17,750,000 producers of consumption goods. 
B, 6,000,000 producers of capital goods. 
C, 16,250,000 overhead services. 


The employees of group A produce all the commodities consumed 
in daily living, by themselves, their dependents, and those of 
groups B and C. One of the important problems in any so- 
ciety is the process by which the consumption goods produced be- 
come available to all of its members. How, for example, do the 
producers of capital goods, the trades people, the doctors and 
lawyers, obtain their shares of consumption goods? The usual 


National Income in the United States, 1929-1935,”’ pub- 
lished by the United States Department of Commerce, Table 14, 
p. 42; Table 29, p. 68. 

3 The total employed population including owners and proprietors 
was 44,000,000. 

4**Economic Tendencies in the United States,”’ by F. C. Mills, 
National Bureau of Economic Research, Inc., New York, N. Y., 
1932, vol. 21, Table 120, p. 286. 
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statistics on the national income throw no light on this important 
question, nor has anyone so far as the author knows, attempted 
to show the interdependent relationships of these several groups 
in the processes of consumption of goods. This study is an inquiry 
into certain trends in the origins and distribution of the national 
income and their effects on the capabilities of certain groups of 
the population to purchase the consumption goods produced. 
The study is divided into three parts: 

1 The relative incomes of the producing groups and the over- 
head groups from 1919 to 1935 considering the nation as a whole. 
It is an inquiry into the overhead on the total national plant. 

2 The relative incomes of capital and labor from 1919 to 1934 
in specific group activities, or the relative claims of capital and 
labor to the goods produced. 

3 A suggested outline of the process by which consumption 
goods become available to both the producers and the overhead 
groups. The general problem is income vs production. 


1 OVERHEAD ON NATIONAL PLANT 


The following symbols will be used in this analysis: 


A = the total national income 

F = the salaries and wages of those engaged in trade, bank- 
ing, finance, including real estate, government, and mis- 
cellaneous services, such as medicine, law, and domestic 
service. (Groups 8 to 14) 

G = the incomes of property owners derived from dividends, 
interest, rents, royalties, and entrepreneurial with- 
drawals, except for agriculture 

M = the salaries and wages of all those identified with the 
production of all physical goods, capital goods, con- 
sumption goods, and the primary services, groups 1 to 7, 
plus the incomes of farm owners. 

The incomes received by the F and G groups will be termed the 
overhead on the nation’s business since it is not derived at the 
source of production nor is it identified with the productive proc- 
esses. The M-group incomes will be designated the incomes of 
the producers. 

In Table 1 are listed the incomes of these groups for the years 
1929 to 1935 compared to 1919 and the sources from which the 
data are derived. 
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TABLE 1 


the total national income 

the salaries and wages of those engaged in trade, banking, govern- 
ment, and miscellaneous services 

pm income of property owners not including entrepreneurs in agri- 
culture 

the total labor income (salaries and wages) of all who produce the 
physical goods and the aap services of power, transportation, and 
communication, plus the entrepreneurs in agriculture. This group 
produced all the goods ont papees services. 

Accordingly A = M + F 


= 2 


Millions of 
1929 1930 1931 1932 1933 1934 1935 19196 


A 78,632 72,932 61,704 48,362 44,940 50,173 53,587 61,628 
PF 24,650 23,678 21,365 17,983 16,870 18,865 19,566 12,869 
G 22,313 21,353 18,484 14,786 13,030 13,887 14,400 15,537 
M 31,679 27,901 21,855 15,593 15,040 17,425 19,621 33,224 
F+G6 46,963 45,031 39,849 32,769 29,900 32,752 33,966 28,404 
M 31,679 27,901 21,855 15,593 15,040 17,425 19,621 33,224 


148% 161% 182% 210% 200% 188% 173% 854% 


* Data for years 1929 to 1935, ‘‘National Income in the United States, 


1929-1935,"’ United States Department of Commerce. 
A «= line 1, Table 10, p. 37 
F «= lines 10, 11, 12, 13, 14, 15, 16, P: 3 
G = line 1, Table 10, p. 37 minus line 1, Table 15, p. 43 minus line 2, 
Table 10 plus line 3, Table 15 
M = A—(F + G) 
6 National Bureau of Economic Research. Publication 15, by W. I. King. 


TABLE 2 
Total annual Per cent 
income, millions national Per cent 
Group of dollars income 1919 
M ‘aoe 33,224 100 
1935 19,621 36.6 68 
F 1919 12,867 21.0 100 
1935 19,566 36.5 174 
1919 15,537 25.0 100 
1935 14,400 26.9 108 
F+@ 1919 28,404 46.0 100 
1935 33,966 63.4 137.8 
Total national 1919 61,628 
income 1935 53,587 


TABLE 3 TOTAL EMPLOYMENT, EMPLOYEES AND 
ENTREPRENEURS 


Thousands of persons————— 
Penge Overhead Total A/C B/C, 

Year B Cc per cent per cent 
1919¢ 14,421 40,282 641/, 35'/: 
19296 24,382 19,597 43,979 56 44 
1930 2,685 19,195 
1931 20,398 18,131 38,529 
1932 18,164 16,822 34, 

933 18,591 ,609 35, ‘% 
1934 743 17,563 37,306 
1935 20,224 17,914 38, 138 53 47 


z National Bureau of Economic Research, Publication 15, by W. I. Kin ng. 
6 1929-1935 “National Income in the United States, 1929-1938, es 
Department of Commerce, Table 6, p. 33. 


70 


60 


30 


Fie. 1 THe ProportTioNATE SHARES OF THE 


NATIONAL INCOME 
(Line M represents producers income, line F + G rep- 


resents the overhead.) 


Billions of Dollars 


a ry) PRODUCERS AND THE OVERHEAD IN THE TOTAL 


40 
30 | Al 
20 ny = 
| 
0 


0 10 20 30 40 50 60 70 80 
Billions of Dollars 


2 ff 


> 
® 
a> 
= 
= 
1 
‘ 
| 
| 
| 
~ 


904 — 
sol_| 
199° 20 21 ‘22 23 °25 °26 “27 28 1929 “31 “33 ‘34 35 
Year 
Fie. THe OvERHEAD ON THE NaTION’s BuSsINESS 
((F + G)/M.] 


Table 2 shows certain percentage comparisons between the 
incomes of these groups. 

Table 3 shows how the numbers of persons employed have 
varied during the depression compared to 1919. 

Fig. 1 shows the incomes of the overhead group and the pro- 
ducers compared with the total national income for 1909, 1919, 
1929, and annually during the depression. This chart shows that 
from 1919 to 1929 the producers share of the national income 
suffered a marked decline while that of the overhead group had a 
very rapid rise. 

In 1919 the overhead group received 46 per cent of the national 
income and in 1932 it received 68 per cent. The producers on the 
other hand received 54 per cent of the national income in 1919 but 
only 32 per cent in 1932. 

Fig. 2 shows the incomes of the overhead groups as a percentage 
of the income of the producers for the years 1909, 1919, and 
1929 to 1935. This chart shows that in 1919 when the producers 
received $1.00, the overhead group received 85.4 cents, while in 
1929 when the producers received $1.00 the overhead group re- 
ceived $1.50 and in 1932, $2.10. This rapid increase in over- 
head on the nation’s business may have some important relations 
to our economic collapse in 1929. 


2 Revative Cuarms or CAPITAL AND LaBor TO Goops 
PRODUCED 


A study of the trends in interest and dividend payments to 
total wages paid in certain productive industries was made for 
the years 1919 to 1934 by the National Bureau of Economic Re- 
search and published in its Bulletin 59 of May 4, 1936. From 
these data, the following analyses have been made. The wages 
as well as the total of interest and dividend payments for each 
year were divided by the index of production in order to find the 
relative claims of capital and labor to the total quantity of goods 
produced. This seems a more significant comparison than the 
direct relation between wages and interest plus dividends. 

(a) Manufacturing. These data for the manufacturing in- 
dustries are given in Table 4 and the indexes are plotted in Fig. 3. 
This chart shows that from 1919 to 1934 a period of 16 years, the 
average annual total wages per unit of output have been 79.6 per 
cent of what they were in 1919, while interest and dividends per 
unit of output were 113.2 per cent of the 1919 level. 

Attention is frequently called to the fact that the production 
cost per unit of output of many commodities has declined very 
rapidly with the use of machinery and power, and that the wage 
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TABLE 4 MANUFACTURING 
Interest Index 
of 


an 
Wages dividends production 


Year 
A B A/C Index B/C Index 
Millions of dollars 

1919 9,682 1,348 88.6 10,900 100 1,670 100 
1920 11,587 1,596 93.9 12,300 113 1,700 102 
1921 7,460 1,464 73.5 10,150 93 2,000 120 
1922 7,990 1,417 92.1 8,700 80 1,540 92 
1923 10,160 1,882 104.5 9,700 89 1,800 108 
1924 9,494 1,807 99.2 9,600 88 1,820 109 
1925 9,981 2,065 109.8 9,100 83 1,880 112 
1926 10,318 2,271 115.1 8,950 82 1,970 118 
1927 10,115 2,383 115.1 8,800 81 2,070 124 
1928 10,201 2,695 124.0 8,200 75 2,170 130 
1929 10,899 2,790 132.0 8,250 76 2,110 126 
1930 8,849 2,856 111.6 7,970 72 2,460 147 
1931 6,701 2,134 95.7 7,000 2,230 133 
1932 4,636 1,326 73.5 6,300 58 1,810 108 
1933 4,940 1,203 82.4 6,000 55 1,460 

1934 6,304 1,395 88.6 7,100 65 1,575 94 


ch, Bulletin 59, Tables pp. 22, 24. 
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earner as a consequence can now purchase goods which formerly 
were out of proportion to his wage. While this condition indi- 
cates a favorable trend in our economy, it is not generally realized 
that it does not give a complete picture of what is happening in 
our economy as a whole. The important thing in maintaining a 
balance between production and consumption as a whole is the 
relation between the claims of capital and labor to the total goods 
produced. For example, if in 1919 there were 100 pairs of shoes 
produced at a wages cost of $96.82 and interest and dividend 
charges of $13.48, labor’s share would be 88 per cent and the cost 
per pair at the point of production would be $1.103. If, in 1929 
there were 150 pairs of shoes produced at a wage cost of $108.99 
and interest and dividend charges of $27.90, labor’s share would 
be 80 per cent of the total, while the cost per pair at the point of 
production would be $0.91. This is precisely what happened in 
the manufacturing industries in the years 1919 to 1929 as shown 
in Table 4. 

Thus it appears that while labor in 1919 received in wages the 
equivalent of 88 pairs of shoes, in 1929 it received 120 pairs of 
shoes, a 36 per cent increase over 1919. The employees in manu- 
facture in 1919 numbered 11,281,000,5 and in 1929 only 
9,800,000. Capital on the other hand received in interest and 
dividends in 1919 the equivalent of 12 pairs of shoes while in 1929 
its share was 30 pairs, a 150 per cent increase over 1919. The 
above estimate does not account for the additional income received 
by capital in the form of withdrawals by entrepreneurs. Before 
the shoes are purchased by the consumer they must bear a por- 
tion of the overhead on the national plant and hence as shown by 


5 ‘‘National Bureau of Economic Research,” vol. 15, King Tables 
4 and 5. 
6 ‘‘National Income in the United States, 1929-1935,” U. S. Dept. 


of Commerce, Table 14. 
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TABLE 5 ELECTRIC i AND MANUFACTURED 


Wages Interest Index 
and an 
Year salaries dividends production 


A B A/C Index B/C Index 
Millions of dollars 
1919 217 205 58.7 370 100 3 100 
1920 261 212 63.7 410 lll 33 95 
1921 263 224 60.4 435 117 370 106 
1922 274 279 68.4 400 108 408 116 
1923 346 358 80.4 430 116 446 127 
1924 400 435 6 475 128 515 147 
1925 415 505 93.2 445 120 542 155 
1926 464 5 105.4 440 119 528 151 
1927 480 617 114.5 420 113 538 154 
1928 508 738 123.1 413 112 600 171 
1929 533 2 134.9 395 107 616 176 
1930 528 944 132.5 108 783 224 
1931 473 127.6 37 1 766 219 
1932 379 924 114.3 330 89 808 231 
1933 350 839 115.4 303 82 727 208 
1934 376 749 123.0 305 82 608 174 
National Bureau of Economic Research, Bulletin 59, Tables, pp. 22, 24. 
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the cost-of-living index, the lowering of cost made at the point of 
production is no indication of ultimate benefit to the producers. 
Since the important problem in our national economy is main- 
taining a balance between total production and total consump- 
tion, that is, providing means by which we can assure the com- 
plete consumption of all the goods we are capable of producing, 
it appears from the above record that the burden of maintaining 
this balance is becoming increasingly difficult as capital receives 
an increasing percentage of the total volume of production. 

This difficulty is apparent when one realizes that as a general 
rule the wages of labor are used principally to purchase the goods 
which it has produced, but capital receiving goods greatly in ex- 
cess of its requirements must dispose of its excess requirements in 
both the domestic and foreign markets. In other words, capital 
not being able to exercise the claims it receives to goods because 
they are in excess of its personal requirements must provide some 
means by which these claims become effective in consumption. 
This it seeks to accomplish through the processes of saving and 
investment, discussed later in some detail, through the device of 
deferred payments by which labor purchases for consumption in 
excess of the claims it receives at the point of production, and 
through the operation of foreign trade. The machinery which 
capitalistic economy set up prior to 1929, particularly the devices 
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for expanding the credit structure served to maintain the processes 
of consumption in parallel with the processes of production, but 
when the credit structure collapsed consumption could no longer 
keep pace with production and our whole economy was thrown 
out of balance. 

It is important to realize therefore that a mere adjustment of 
wages alone will not solve the problem, that is, the granting of 
a higher wage usually resulting in an increase in prices does not 
materially alter the relationship between the claims of labor and 
the claims of capital to the total volume of goods produced. 
Therefore any intelligent approach to the problem of economic 
balance must be based on the relative claims of capital and labor 
to the goods produced and not upon wages alone. 

This is clearly evident from the above analysis because even 
though while labor’s absolute share in the total volume of pro- 
duction was increased prior to 1929 the spread between labor’s 
share and capital’s share was increasing in greater proportion, 
and it was this spread which introduced one of the major difficul- 
ties in maintaining a balance between production and consump- 
tion. It therefore appears that this important relationship to- 


TABLE 6 MINING 
Interest 


an 
Year Wages dividends production 


A. B Cc A/C Index B/C Index 
Millions of dollars 

1919 1,393 218 81.4 1720 1 268 100 
1920 1,992 240 91.2 85 127 263 98 
1921 1,448 231 75.7 1910 lll 306 114 
1922 1,339 172 79.8 1680 98 216 81 
1923 1,932 261 109.1 1771 103 239 89 
1924 1,616 264 104.2 1550 90 2 4.5 
1925 1,507 323 106.7 1412 82 303 113 
1926 1,758 373 115.6 1520 322 120 
1927 1,546 322 118.1 1309 76 273 102 
1928 1,367 295 118.1 1156 67 250 93 
1929 1,405 407 128.7 1092 63.5 316 118 
1930 1,173 292 114.0 1029 60 256 95.5 
1931 5 181 96.9 831 48 187 70 
1932 529 122 79.8 663 38.5 153 57 
1933 533 114 86.3 618 36 132 49 
1934 708 219 93.6 757 44 234 87 


National Bureau of Economic Research, Bulletin 59, Tables, pp. 22, 24. 
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gether with the rapid increase in overhead services by which in- 
comes are originated outside of the processes of production con- 
stitute two of the major problems we must face if we hope to es- 
tablish and maintain our economy at a high state of production 
and consumption. 

(b) Electric Light, Power, and Gas. The history of the electric 
light, power, and gas industry is shown in Table 5, and the indexes 
are plotted in Fig. 4. In this industry wages per unit of output 
rose from 1919 to 1924, after which they fell rapidly to 82 per 
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cent of the 1919 level in 1933. The average for the 16-year 
period was 7.6 per cent above the 1919 level. Interest plus divi- 
dend payments per unit of output mounted rapidly from 1919 
to 1932, reaching 231 per cent of the 1919 level in the latter year. 
The average annual index for the 16-year period was 60 per cent 
above that of 1919. 

(c) Mining. The record of the mining industry is shown in 
Table 6 and the indexes are plotted in Fig. 5. 

In this industry both indexes had a general average below the 
1919 level. The average annual interest plus dividend pay- 
ments per unit of output was 89 per cent of that of 1919 while the 
index for wages per unit of output averaged 77 per cent for the 
same period. 


TABLE 7 CONTRACT CONSTRUCTION 
Wages Interest Index 

and an of 
Year salaries dividends production 

A B Cc A/C Index B/C Index 

Millions of dollars 

1919 1235 18 81.5 1515 100 22.1 100 
1920 1159 24 74.0 2380 157 32.5 147 
1921 1288 38 86.9 1484 99 43.7 197 
1922 1535 33 111.6 1376 91 29.6 134 
1923 2230 42 116.7 1912 126 36.0 163 
1924 2243 39 119.2 1883 124 32.7 148 
1925 2232 68 130.0 1717 113 52.2 236 
1926 2540 52 131.5 1932 127 39.6 179 
1927 2456 58 137.5 1787 118 42.2 191 
1928 2567 61 148.1 1735 114 44.2 187 
1929 2521 74 137.4 1835 121 53.8 243 
1930 2159 98 114.5 1886 124 85.6 387 
1931 1415 52 86.4 1639 108 60.2 271 
1932 643 31 44.0 1463 97 70.5 318 
1933 542 27 38.1 1422 94 70.9 321 
1934 638 23 42.5 1503 99 54.2 247 


National Bureau of Economic Research, Bulletin 59, Tables, pp. 22, 24. 
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(d) Contract Construction. In contract construction shown in 
Table 7 and Fig. 6, the marked increase in the share of capital in 
the income compared to that of labor is strikingly apparent. 
The index of the former averaged 116.8 per cent above that of 
1919 while the latter averaged only 13'/, per cent higher. 

(e) The Railroads. The steam railroads, including Pullman 
and express services are shown in Table 8 and Fig. 7. The index 
of wages per unit of output? declined steadily from 1920 to 1934 
with an annual average of 91 per cent of the 1919 level, while the 
index of interest plus dividends for the same period averages 
123 per cent of the 1919 index. 


? Weighted average of freight-ton and passenger miles. 
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TABLE 8 STEAM RAILROADS, PULLMAN AND EXPRESS 


Interest Index 
an 

Year Wages dividends production 

A B Cc A/C Index B/C Index 

Millions of dollars 

1919 2462 693 108.4 2270 100 640 100 
1920 3215 698 119.1 700 119 586 92 
1921 2269 685 90.4 2510 110 758 119 
1922 2116 714 96.6 2190 97 739 116 
1923 2472 753 114.5 2160 95 658 103 
1924 2289 802 108.0 2120 94 742 116 
1925 2324 832 113.5 2050 90 732 114 
1926 2403 865 120.0 2005 88 720 113 
1927 2346 965 115.5 2030 90 836 131 
1928 2264 894 115.2 1968 87 775 121 
1929 2332 959 118.1 1974 87 811 127 
1930 1998 970 111.2 1972 87 958 150 
1931 2584 793 81.8 1937 86 969 152 
1932 1122 606 62.1 1810 80 977 153 
1933 1060 554 65.1 1630 72 852 133 
1934 1165 582 70.5 1655 73 826 129 


National Bureau of Economic Research, Bulletin 59, Tables, pp. 22, 24. 
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In both the industries of electric light, power, and gas, and con- 
tract construction, the wages and salaries are not reported sepa- 
rately, hence in these two cases the wage per unit of output is 
favorably weighted as compared to the other industries reported. 
It is also interesting to note that the index of the cost of living® 
during the 16-yr period under review maintained an annual aver- 
age of about 96 per cent of that of 1919. 

These analyses indicate some of the changes which have oc- 
curred in our economy during its period of rapid expansion and 
subsequent decline. Measured in terms of the total national 
income, it is the period of the most violent fluctuations which 
have ever been encountered. Among the changes which this 
analysis shows are: 


1 A decline in the share of the producers in the total income 
paid out. 

2 An increase in the overhead on the nation’s business. 

3 A decline in labor’s percentage of the total goods produced 
coincident with an increase in the absolute share at the point of 
production. 

4 An increase in capital’s percentage of the total goods pro- 
duced together with an increase in its absolute share at the point 
of production. 


Since these trends have occurred at the same time thaf our 
economy has been most violently disturbed, some relationship 
between these trends and our economic disturbance may be in- 
ferred. Have the changes in income distribution just noted been 
contributing factors to the depression? If so, to what extent? 
If not, can these trends proceed without limit and not affect our 
national prosperity? Some light on these questions may per- 
haps be gained through the following considerations: 


8 National Bureau of Economic Research, Bul. 59, appendix, 
Table 3, p. 24. 
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(a) The “Value” of Consumption Goods. The annual pro- 
duction of consumption goods may be said to have the value de- 
termined by the income derived from their sale. The income 
thus received is disbursed as wages, salaries, interest, and divi- 
dends, either paid or accrued, to all who have provided materials 
and services and to those who have capital claims. It is obvious 
that if all the disbursements were used to purchase the goods pro- 
duced there would be a balance between production and con- 
sumption. These disbursements are in fact claims to goods and 
therefore it may be stated that 


The producers value of 
the goods produced 


Most consumers goods are not purchasable at the producers 
value but must pass through the channels of trade to wholesale 
and retail outlets.® 

Accordingly, those who receive claims to the goods produced 
at the point of production must share some of their claims with 
those who conduct the business of trade. 

Furthermore when the producer pays taxes, engages a doctor, 
pays rent for a home, and gets a haircut or a shoeshine, he shares 
the claims he received at the point of production with others who 
render him services. By these means the equity of the producer 
in the goods he has produced is diluted. The only way in which 
those who render the services listed in the categories 8 to 14 can 
obtain claims to the goods produced is by sharing directly or in- 
directly in the claims to these goods which were distributed to 
the producers at the point of production. This fact is obscure 
to those who think in terms of money instead of in terms of 
goods. Perhaps the following illustration may be helpful. Let 
us express a given volume of production of consumption goods as 
1000 units, and assume that among those who produced the goods 
the wage earners receive wages equivalent to or claims to 600 
units, salaried workers 200, and entrepreneurs 200. But before 
these claims can be exercised, the goods pass into the hands of 
tradespeople who demand a certain percentage for their services. 
If this is 30 per cent and is shared proportionately by all the 
producers, then the wage earner for example surrenders claims 
to 180 units and has left only 420 units for his personal use. But 
if the landlord requires claims to 100 units, the tax collector 40 
units, and the doctor 10 units, then he has left claims to only 
270 units of the original 600 he received at the point of production. 
It is of course apparent that the landlord, doctor, and other ser- 
vice employees must in turn share some of their claims with the 
tradespeople and they have available only part of their claims 
for finally procuring consumption goods for their own use. Then 
it appears that incomes derived from services other than produc- 
tion, as through doles, pensions, bonuses, taxes, or by any means 
or activities not identified with or contributing to the produc- 
tion of goods is in fact a burden on the producers of goods and has 
the effect of diluting their equities in the products of their labors. 
Of course the complex processes of civilization demand many 
varieties of services of a so-called nonproductive character and 
it is quite obvious that a civilization advances to higher cultural 
levels as it provides increasing amounts of these services which 
promote the health and intelligence of its citizens. But the prac- 
tical fact must nevertheless be faced, that the issuance of claims 
to goods or the origination of income which is not associated with 
the processes of production always constitutes a hazard to the 
national economy when the issuance of such claims tends to in- 
crease at a rate greater than the rate of production. This is the 


* In 1929 the value added through trade was $10,852,534,000 and 
in 1934 it was $6,691,539,000. ‘‘National Income in the United 
States, 1929-1935,’" U. S. Department of Commerce, Table 120, 
p. 164. 
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major fallacy of the Townsend plan. Accordingly, fixed in- 
terest rates which have no relation to the rate of production, 
taxes not based on production, deferred-payment plans which 
in effect issue claims to goods in excess of those arising from cur- 
rent production, government expenditures for relief which are 
not balanced by the production of goods, and many other methods 
for obtaining claims to goods (money) not associated with the 
processes of production such as the issuance of bank credits not 
based on goods, tend to unbalance the relation between the claims 
to goods and the volume of goods available for the redemption of 
such claims. 

While we pride ourselves on having reduced the costs of com- 
modities at the point of production by the use of machinery and 
power, we have greatly neglected any serious inquiry into the 
effects on our total economy of the many ways of obtaining in- 
comes (claims to goods) apart from the productive processes. 
It is not unlikely that the costs of such overhead on the nation’s 
business as a whole has in many cases more than offset any sav- 
ings made at the point of production. 

The introduction of machinery and power in the production of 
goods resulting in the decrease of man-hours per unit of product, 
and the introduction of new and expanding services in the busi- 
ness process including the so-called service of capital have al- 
tered substantially the relation between the rate of production of 
goods and the rate of issuance of claims to such goods. Not only 
are the relative claims of capital and labor to the total goods pro- 
duced diverging to unworkable proportions, but, the dilution of 
the producers equities in goods through the expanding overhead 
on the national plant constitutes a serious challenge to the worka- 
bleness of our economic processes, See Figs. 3 to 7. 

Reference was made to the estimate of Dr. F. C. Mills that in 
1929 over 35 per cent in value of total production was in durable 
or capital goods. Mills states'* further that in the period from 
1922 to 1929, “Our productive energies, in excess of those necessary 
to maintain existing standards of food consumption and of dress 
for a constantly expanding population, were devoted in the main 
to augmenting the aggregate supply of durable goods—capital 
equipment and durable articles of consumption,’’ and, ‘the rate 
of increase in the production of food, clothing, and other per- 
ishable and semidurable goods exceeded by no great margin the 
rate of increase in population.” 

(b) The Relation of the Producer of Capital Goods to Consump- 
tion Goods. How does the capital-goods producer obtain claims 
to consumption goods? To state that he received money for 
his labor and with this money buys his food, clothing, and shelter 
does not answer the question fully. The process appears to be 
somewhat as follows: Many of the producers of consumption 
goods, particularly capital and some salaried groups, receive 
claims to consumption goods in excess of their personal current 
needs. This excess of claims is said to be saved. But savings 
are usually invested, and the investments are usually employed 
for plant expansions. Accordingly what seems to take place is, 
that those possessed of claims to goods (money) beyond their 
current needs make arrangements, through brokers and the 
banking system, with the builders of capital goods to employ 
them in building new plants. In effect, they say to the capital- 
goods producers, “If you will build us machinery and buildings 
we will share with you our claims to consumption goods so that 
you may go to the national warehouse and obtain the necessities 
of physical life.’ Often such savings are augmented by credit 
expansion based on such savings and hence many more such 
arrangements can be made with the capital-goods builders. This 
seems to be a satisfactory arrangement so long as savings and 

10 ‘Economic Tendencies in the United States,’ by F. C. Mills, 


National Bureau of Economic Research, Inc., New York, N. Y., 1936, 
pp. 312-313. 


4 
i, 
be 
\ 


MAN-60-1 


credit are invested. When, however, as occurred in 1929, it 
appears no longer profitable to make such arrangements, capital- 
goods builders become unemployed and therefore cannot go to 
the national warehouse to obtain consumption goods. The con- 
sumption-goods producer then finds that many of the claims he 
issued to the goods he produced are not being presented for re- 
demption in goods and the goods remain in his warehouse. He 
finds he has overproduced, that his production is in excess of 
demand. The economist says, “supply exceeds demand.” 
Accordingly the consumption-goods producers with overstocked 
warehouses lower their rate of production by discharging their 
labor and unemployment is again increased. This is precisely 
what happened during the present depression and apparently for 
the reasons given. Without doubt the demand for goods created 
by the false purchasing power arising from deferred-payment 
plans greatly stimulated the building of factories with produc- 
tion capacity in excess of a sustaining purchasing power. 


CONCLUSION 


This analysis raises certain questions about the operation of 
our national economy which apparently have not been given the 
attention which their importance deserves. The general ques- 
tion of economic balance involved in this inquiry was first raised 
by Quesnay (1694-1774), one of the founders of the philosophic 
sect known as Economistes or Physiocrates, and was expounded in 
his treatise the ‘Tableau Economique.” Adam Smith quoting 
the elder Mirabeau, stated that Quesnay’s proposal was one of 
the three great inventions which have contributed most to the 
stability of political societies, the other two being those of writing 
and of money. Yet in spite of its acceptance by high authorities 
in economics, its application to quantitative studies of our eco- 
nomic behavior has been sadly neglected. Leontief, writing for 
the Review of Economic Statistics, August, 1936, and referring 
to Quesnay’s work stated in part as follows: “‘....when it comes 
to the practical application of this theoretical book, modern 
economists must rely exactly as Quesnay did, upon fictitious 
numerical examples. What would be the present state of the 
theory and policy of international trade, if instead of actual 
balances of foreign trade, the economist had to base his analysis 
upon assumed numerical setups, supplemented by scattered items 
of actual statistical information? This is the situation in which 
the student of economics finds himself at present when he faces 
a problem of national production, consumption, and distribution.” 

Obviously, one of the greatest needs toward the understanding of 
the economic forces which condition our national prosperity is a 
more comprehensive study of these kinds of relationships. Until 
we get a picture of the whole we can never deal intelligently with 
any of the parts of our economic system. The mounting over- 
head on the national plant, the rapidly moving spread in the 
relative claims of capital and labor to the goods produced, the 
rapidly increasing percentage of capital-goods production, and 
many other trends and relationships of similar character must 
be studied quantitatively over a period of years if we wish to make 
an intelligent approach to the problem of economic stability. 
Unfortunately, most students of economic phenomena are con- 
cerned principally with the immediate and temporary situations 
arising daily in the market places of the world. Hence, many of 
their observations have given no indication of the deep under- 
lying forces which are building up a mounting tide of social un- 
rest. The majority of otherwise well-informed people having 
therefore no basic understanding of the deep-seated forces pro- 
ducing economic change, give an unintelligent emotional response 
to the disturbing upheaval of the stress and strain of resulting 
social adjustments. Economic conditions are due to economic 
practices, and economic practices arise from the rules man makes 
for playing the game of civilization. Among the important rules 
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are those concerned with apportioning the claims of capital and 
labor to the goods produced and the sharing of these claims with 
those who serve society elsewhere than at points of production. 

It is hoped that this study will throw some light on the general 
consequence of following the rules now used and lead to a more de- 
tailed and far-reaching analysis as a basis for their intelligent 
adjustment. 


Addendum 


As a result of a discussion of this paper at a meeting of the 
Metropolitan Section of the A.S.M.E. it seems desirable to am- 
plify some of the statements made. In the matter of the over- 
head on the national plant, certain approximations must be recog- 
nized due to scarcity of data available and the overlappings in 
classification. For example, item F includes some amounts paid 
for production of tangible commodities but classed as miscella- 
neous, that for commercial fisheries being one. Again, item G in- 
cludes the total of entrepreneurial withdrawals, except in agricul- 
ture, but such withdrawals by small-business men are in some part 
compensation for services of the productive sort. 

Professional economists take the position that those who 
render services, as in trade for example, create wealth in the same 
sense as those who produce the goods which are traded in. They 
state that shoes at the factory shipping platform are economic 
goods which have reached a given state in the process and when 
additional service has been rendered by tradespeople in placing 
the shoes in the hands of the ultimate consumer, the final state in 
the creation of the shoes has been consummated. They argue 
that economically the shoes at the factory door are not the same 
goods which the tradesman places in the hands of the consumer 
because the tradesman has added value to the goods in the same 
sense as the factory workers who fashion and assemble them. By 
the same token, the banker, for example, by handling the financial 
problems of industry is also a part of the process by which goods 
are placed in the hands of the ultimate consumer and hence he 
also contributes to the creation of economic goods. They call 
attention to the fact that in the earlier periods of industrial de- 
velopment, the functions of selling the goods and making credit 
arrangements for conducting the business were part of the pro- 
ducer’s work but now this has been segregated to a separate di- 
vision of the national plant and handled more efficiently, thus 
permitting the worker to devote more time to the fabricating proc- 
esses. But it is this very segregation of operations which permits 
us to examine more closely the relation of the parts of our national 
economy. Every manufacturer, for example, should keep a con- 
stant check on the number of people in the overhead services 
and compare their salaries and expenses with the income of the 
business. If a given increment of increase in overhead cost is 
not followed by a corresponding or greater increment of increase 
in income from the sale of the products of manufacture, the busi- 
ness is in decline. From another point of view if the workers in 
a shoe factory produced 100 shoes in one day and a salesman is 
hired for the price of 10 shoes per day, it appears that should 
the efforts of the salesman result in an increase of production of 
only 5 shoes, the additional service or overhead is not justified 
because the workers have now only 95 shoes to divide among 
themselves. Every manufacturer should constantly compare the 
rate of increase in cost of each element of service in his business, 
with the rate of increase in production, and control his operations 
so that the increment of increase of production is greater than in- 
crement of increase in total cost, else in time according to Kelvin’s 
law the operations tend to become less profitable. 

In like manner it seems reasonable that if any part of the over- 
head of the national plant increases at a rate greater than the rate 
of production of goods, that element will tend to have a detrimen- 
tal effect on the national economy asa whole. For this reason it 
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is important to inquire into the sources of income, or the origins 
of income, and compare the incomes derived from the various ser- 
vices as one attempts to interpret the meaning of national income 
statistics. 

If the term ‘“‘producers”’ is objectionable perhaps the term “‘proc- 
essers’”’ would appeal to some as being more descriptive of those 
whose services result in the “form utility” of economic goods. 

Those who contribute “place utility’’ to economic goods 
through merchandising, together with those who render other 
services, which contribute to the economic value of goods, and who 
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are termed the overhead may be designated by some other ap- 
propriate term, on which the author invites suggestions. 

The inclusion of the power utilities and the transportation ser- 
vices with the producers or processors, is based on the proposition, 
that by the inclusion of these the costs of gathering raw materials 
the costs of power in manufacture, and the costs of delivery of 
finished goods to the merchants are accounted for. Obviously, 
these include some costs, such as that for passenger service, which 
are not strictly chargeable to production in the sense in which the 
term is used in this paper. 
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Some Data on Diesel-Electric Switching 
Locomotives 


By JOHN W. ANDERSON,' ROCKVILLE CENTRE, N. Y. 


The author gives the number of Diesel-electric switching 
locomotives placed in service annually since 1925, and dis- 
cusses their availability, repair costs, and operating costs, 
fuel-oil specifications, and lubricating-oil practices. He 
also gives comparative operating and repair costs for an 
0-8-0 coal-burning switcher and two Diesel-electric switch- 
ers, rated at 600 hp and 900 hp, respectively. 


HE application of the Diesel engine to locomotive work 

began in this country nearly twenty years ago in the form of 

some experimental Diesel-electric switchers designed and 
built by the General Electric Company at Erie for use in their own 
yards there. The details of the electric-transmission arrangements 
and the various controls were worked out in the design and per- 
fected in service. These early locomotives proved the advantages 
of such machines for switching service. Later experience has 
confirmed these advantages and has shown that most switching 
movements take place at speeds less than 6 mph. The weight 
of the locomotive gives the necessary traction, and the electric 
transmission permits the Diesel engine to develop its full power 
regardless of the locomotive speed. The combination produces 
a high drawbar pull at these low speeds and gives fast switching 
movements even with heavy trains. In addition to this favor- 
able performance characteristic, there are other advantages such 
as higher availability and lower costs of operation, as will be 
developed in this paper. 

The widespread adoption of the Diesel engine in switching 
locomotives has led to the application of it in other types of 
locomotive service. Heavy transfer locomotives have been 
built, which are essentially large-sized switching locomotives, 
but the applications to road work such as rail cars, rail trains, 
and the longer streamlined trains are in a different class. Rail 
cars bave been in service for many years and their performance 
has been reported previously in papers before this Society and 
elsewhere. The streamlined trains are as yet too new to have 
established themselves except for special runs. 

This paper will then be confined to the discussion of the Diesel- 
electric switching locomotive; the growth of the adoption of such 
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locomotives is shown in Fig. 1. The year in which the locomo- 
tive went into service is plotted horizontally, and the number of 
locomotives, their total rated Diesel horsepower and their aver- 
age rated Diesel horsepower in any year are plotted vertically. 
The rapid growth in the use of this type of equipment in recent 
years is plainly shown. In these figures are included switchers 
used in industrial plants as well as on the railroads. 

There are several points in Fig. 1 which, are worthy of attention. 
In 1930 about two thirds and in 1931 about one third of the 
switchers placed in service were of the combination Diesel-engine- 
storage-battery type. In all of these, the Diesel engine was 
rated at 300 bhp but the switcher does the work of a straight 
Diesel locomotive of about 600 to 800 rated bhp. This acts to 
lower the lines for the total horsepower and the average horse- 
power shown in Fig. 1. The showing made from 1932 to 1934 
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is interesting because during that period no steam switchers were 
placed in service. The Diesel switchers won on the basis of 
their comparative economy of operation. The average rated 
Diesel power has risen from about 400 for the early locomotives 
to about 600 for recent switchers. This figure is climbing be- 
cause several switchers rated at 900 hp have recently been 
placed in service, and because the transfer types are rated at 
1800 to 2000hp. The figures shown in Fig. 1 represent a totalof 
225 locomotives and 107,000 rated Diesel hp up to the end of 1936. 

In order to get as representative view as possible, the data in 
this paper have been confined to several groups of locomotives 
which have been in railroad service long enough to establish 
definite figures over a period of several years. The accounting 
system used for these is the same in order to meet Interstate 
Commerce Commission requirements, and comparable figures are 
available for steam locomotives. 


AVAILABILITY 


The availability of the locomotive in service is important. 
While the figures in individual cases vary somewhat due to local 
conditions or perhaps to an unusual amount of trouble with some 
individual locomotive, the average figures based upon a number 
of switchers and over a period of years are impressive. One 
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switchers reports an average of 86 to 87 per cent as a past record, 
and is hopeful of getting better than 90 per cent in the future 
because it considers that early troubles have been eliminated and 
the operating and maintenance practices are now improved so 
that such figures are obtainable. Comparison with a large 
number of straight-electric locomotives indicates that the Diesel 
engine subtracts about 2 to 3 per cent of the time available. 
One method of increasing the availability, is to have a spare 
Diesel-engine generating unit on hand to replace the entire unit 
in the locomotive when major overhauls are required on either 
the Diesel engine or the generator. It takes about 4 hr to re- 
move one of these units and about 4 hr more to install another 
one and place the locomotive back into service. 

Another group of six locomotives, some of which have been in 
service for several years, recently showed availabilities of 88, 
51, 81, 93, 95, 91 per cent, respectively, or an average of 83.2 per 
cent in spite of the poor showing made by one of them. This 
poor showing was caused by a single electrical failure with a loss 
of 52.75 days and four engine failures with a total loss of 35.5 
days, all during a calender period of six months. 

The figure for a third group, totaling 461,965 locomotive hours 
was an availability of 81.76 per cent. 

A fourth group of six locomotives in service from 1930 to 1936, 
inclusive, gave the yearly availabilities of 88.3, 82.1, 83.8, 84.5, 
82.1, 85.9, and 88.9 per cent, respectively. The improvement in 
the showing with time bears out the experience of others. As 
the defects in these locomotives were found and corrected, and 
as the personnel became better acquainted with the switchers, 
the reliability record improved. Further, the time not available 
is frequently increased by waiting for mechanics to do the work. 
These switchers must take their individual turn in the engine- 
house, and when men and perhaps materials are not available 
for prompt repairs, then the availability record suffers accordingly. 
This same railroad placed eight additional switchers in service 
in 1935. During the last balf of that year they had an avail- 
ability of 97.2 per cent, while in the entire year of 1936 they had 
an average availability of 95.6 per cent. These figures are a 
direct reflection of more modern design based upon earlier experi- 
ence and of better-trained operating personnel. 

It appears that an availability from 80 to 85 per cent is readily 
obtainable, and a figure of better than 90 per cent is feasible. 
In this connection it should be realized that as far as the railroads 
are concerned, the Interstate Commerce Commission requires 
certain routine inspections that require 0.5 hr daily, 16 hr 
monthly, and 504 hr yearly, or a total of 520.5 hr, which repre- 
sents 5.94 per cent of a year’s availability. Allowing further one 
month for general overhaul every four years, or an additional 2 
per cent per year, then an availability figure of about 92 per 
cent is the highest possible over a period of years without allow- 
ance for failures or extra repairs of any kind. 

Some idea of the extent of these monthly inspections can be 
gained from the monthly inspection forms of one railroad for one 
of their classes of switchers. There are listed on these forms 24 
electrical items, 19 mechanical items, and 2 air-equipment items. 
Many of these items include attention to several individual parts 
and these parts must be inspected, cleaned, perhaps lubricated, 
and adjusted. All this requires time and costs money. No 
doubt some and perhaps much of this work and cost is justified 
by the resultant tendency to reduce service failures. 

It is seldom that railroad service requires more than 60 to 70 
per cent availability; hence, the Diesel-electric switcher has an 
availability higher than its ordinary use requires. 


SERVICE FAILURES 


It is interesting to approach the subject of availability from 
the standpoint of service failures, their causes and their frequency. 
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The chief causes for mechanical failures in the past have been 
such items as piston seizures due to lack of lubricating oil for the 
wrist-pin bearings; lubrication failures at the main bearings be- 
cause of poor fitting or failure of the lubricating-oil pump; cir- 
cumventing the safety device on the lubricating-oil system; fail- 
ure of the air pressure in the safety-device reservoir; leaking 
cylinder heads; broken cylinder liners; failure of connecting-rod 
bearings; cracked cylinder heads; sticking and broken valves; 
broken pipes; and leaking gaskets. 

Some of the causes of electrical failures have been occasional 
burned-out motor-armature bearings; burned-out main-gener- 
ator bearings due to improper lubrication; grounded commutat- 
ing field coils due to improper cleaning and design; voltage- 
regulator failures due to improper design; and blown fuses. 

It is particularly emphasized by the mechanical departments 
of these railroads that the majority of these causes for failures 
were due to the faults in the original design and to lack of experi- 
ence on the part of the operating personnel. Practically all of 
the design defects have since been corrected and the personnel 
has gained experience, so that the later records of reliability have 
improved over the earlier figures. 


TABLE 1_ CAUSE OF FAILURES AND DAYS OUT OF SERVICE AS 
REPORTED BY ONE RAILROAD FOR A GROUP OF SIX DIESEL- 
ELECTRIC LOCOMOTIVES 


~——Electrical——. ~——Diesel engine-—~ 


Unit Failures Days lost Failures Days lost Failures Days lost 
A 4 6.00 2 2.25 2 12.75 
B 0 ae 1 52.75 4 35.50 
Cc 3 2.00 1 0.75 1 18.66 
D 3 6.66 2 1.33 2 5.00 
E 1 5.66 1 0.50 3 2.00 
F 4 11.75 1 3.25 0 Pad 


Some additional light on the question of relative responsibility 
of the Diesel engine and the electrical equipment for failures is 
given by the following figures: One railroad estimates that the 
Diesel engine is responsible for 85 per cent of the failures, while 
the electrical equipment is responsible for 15 per cent of the fail- 
ures. Another railroad in the case of a group of six locomotives 
gave the figures in Table 1 for the first half of 1937. 


Fuet-O1. Practices 


Good grades of fuel oil, such as Nos. 1 and 2, are used for 
these switchers. Some typical specification figures are given in 
Table 2. 


TABLE 2 TYPICAL FUEL-OIL SPECIFICATIONS FOR DIESEL- 
ENGINE FUEL 


A.P.L 31.6 25 to 30 34 to 36 
Viscosity at 70 F, Saybolt sec......... 


Winter; > summer 


Fuel tanks are kept clean, but the practice in regard to filter- 
ing varies. In some cases only wire-mesh screens are used; 
one of about 200 mesh at the tank and a finer one before the in- 
jection pumps. In other cases, edge-type filters are used; first 
with an opening of 0.003 in. and then with 0.001 in. opening. 
In some cases an edge-type filter is combined with a fine-mesh 
type. These methods apparently suffice to insure clean fuel, 
and difficulties due to dirty fuel are too rare to be of any conse- 
quence. 


LuBRICATING-O1L PRACTICES 


The method of filtering the lubricating oil varies with the type 
of equipment supplied with the particular make of Diesel engine. 
Both edge-type filters and the cloth-bag or cloth-filter element 
are used. These filters are placed on the discharge side of the 
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lubricating pump and take the full flow of the oil to the bearings. 
On the suction side of the pump in the crankcase there is usually 
a wire-mesh screen to protect the pressure pump. The edge- 
type filters are cleaned every operating shift by having the oper- 
ator turn the cleaning handle. Cloth filter bags are cleaned only 
about once a month, and experience has proved that this is ample 
with present-day types and capacities. Centrifugal purifiers 
have been tried on these locomotives in the past, and while they 
did good work they were not found as suitable for the service as 
the modern forms of other types of filters. Moreover, these 
purifiers cleaned only a portion of the oil stream circulating 
through the engine, while the types used now take the full vol- 
ume of oil circulated. , 

That these methods of filtering have proved satisfactory is 
clearly shown by the draining and reclaiming practices. Some 
railroads drain the oil every 90 days or after 2160 hr of engine 
service. Others test samples and drain only when the test re- 
veals a high precipitation of foreign material or a drop in vis- 
cosity. One user tests the oil with a portable viscosity gage, and 
changes only when this shows too great a drop or when the engine 
goes through a major overhaul. The general practice is to re- 
claim carefully the oil drained from the crankcase by putting it 
through some one of the commercial reclaimers available today. 

Attention is being given to the viscosity of the oil used. Ex- 
perience in some cases has proved that an oil of lower viscosity 
than that previously thought necessary was satisfactory and 
gave a better consumption figure than the higher-viscosity oil. 


Repair Cost 


Repair cost is always an important item, and the following 
figures are tabulated on the basis of cost per hour of locomotive 
use; on the whole, this seems a better basis than per hour of 
availability. Such items as fuel and wages vary in proportion to 
the hours of use. But for such an item as repairs, there is a time 
as well as a use factor. As a matter of fact, an important por- 
tion of the normal expense for repairs of a switcher (30 to 35 cents 
per hour of use) is due to routine inspection and maintenance. 
Some locomotive items need repairing on a time basis rather 
than a use basis; hence, the cost of repairs expressed in cents 
per hour of use reduces as the yearly hours of use increase. 


TABLE 3 REPAIR COST PER HOUR OF LOCOMOTIVE USE 
Group and repair cost per hour of locomotive use 


Year A B Cc D E 
1930 $0. 584 ous 
1931 0.545 $0. 433 
1932 0.572 0.490 $0 .338 
1933 0.387 0.425 0.332 
1934 0.619 $0. 227 0.467 0.541 
1935 0.947 $0. 463 0.329 0.474 0.520 
1936 1. 262 0.404 0.446 0.502 0.645 
1937 wee 0.456 ee 0.730 


The figures given in Table 3, without regard to variation in 
size of locomotive or the horsepower rating of the Diesel engines, 
do not in general make any allowance for changing price levels 
for materials and labor. They are over-all average figures for a 
great many locomotives operating on different railroads under 
varying conditions, and over a period of years. The high figures 
in groups A and E are known to include some expensive items 
obtained as spares or as heavy replacements. The engines in 
groups A, D, and E have gone through a complete cycle of re- 
pairs; in fact, the user of group D expects to drop his repair 
costs from those given in Table 3 to as low as 30 cents per hr. 
In examining these figures, it must be remembered that they are 
taken from the account books and include all ordinary items and 
many extras due to faults found in the design or due to personnel 
failures; the figures for groups C and E for 1937 are for the first 
six months of the year. Group A is for the six locomotives, and 
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in connection with the figures given, the user makes the following 
statement: ‘These locomotives have been in general yard, dock, 
and industrial switching and light transfer service. The maxi- 
mum cylinder wear is 0.085 in. and the maximum crankpin wear 
is 0.006 in. You will notice that the maintenance cost was fairly 
constant for three years, decreased for one year and has been in- 
creasing for the past three years. This increase has been due 
largely to the purchase of new wheels, batteries, poppet-type dis- 
tributors to replace the old intermittent gear-type, and lining 
cylinders on two engines. The costs for this year and next will 
continue high, as it will be necessary to reline remaining cylin- 
ders and regrind or renew the crankshafts. After this work, is 
completed, it is expected that the maintenance costs will be re- 
duced to a figure slightly higher than the first four years. There 
is less variation in maintenance costs on a ‘cost per hour available’ 
basis than on ‘cost per hour worked’ basis. This is due to 
increasing availability and decreasing hours of service. The 
hours of service decreased because since about July, 1935, these 
locomotives have been in industrial switching and light transfer 
service the greater part of the time and are usually listed for two 
shifts per day, whereas they formally were in dock and yard ser- 
vice for three shifts daily. Each locomotive averaged nearly 
2000 hr of service more in 1934 than in 1936. As the mainte- 
nance is on a time basis, daily, monthly, quarterly, semiannual 
and annual inspections and repairs, and a large part of the cost 
is for labor, I believe the total maintenance cost for 1936 would 
not have been a great deal more if the engines had worked the 
additional 2000 hr each.” Group B is for 8 locomotives. The 
effects of modern design and experienced operating personnel are 
evident. Group C includes 16 locomotives. Group D is the 
largest of all, and although the costs of many expensive replace- 
ment items are included in the figures given, spread over so many 
locomotives, their effect is not as noticeable as in the case of 
group A for instance. Group E comprises six switchers. 

All of the figures in Table 3 are for the total repairs per locomo- 
tive, including labor and mechanical, electrical, and Diesel-engine 
parts. It appears that a total repair cost of 35 to 40 cents per hr 
of use is attainable under favorable conditions. The latter in- 
clude well-designed switchers, trained operating personnel, and 
use on at least a two-shift-per-day basis. 


Cost or OPERATION 


In order to obtain the total cost of operation of Diesel-electric 
switchers, operating expenses, such as the cost of fuel oil, and sup- 
plies, enginehouse expense, and wages, must be included. Some 


TABLE 4 SOME AVERAGE OPERATING COSTS PER HOUR OF 
LOCOMOTIVE USE 


Group and operating cost per hour 


Year A B 

1932 $0.95 
1933 1.02 
1934 $1.227 1.01 
1935 1.289 1.03 
1936 1.429 1.03 
1937 1.809 1.21 


average cost figures per hour of locomotive use are given in Table 
4. These figures are based on one operator per locomotive and 
on a lower wage scale, and lower labor, and material costs than 
those prevailing at the present time. 


CoMPARATIVE DiEsEL-SWITCHER AND STEAM-SWITCHER Costs 


Operating and repair costs for steam switchers vary consider- 
ably as do corresponding costs for Diesel switchers; also the 
individual items vary according to the size and power of the 
switcher. However, in Table 5 are given some comparative op- 
erating and repair costs which are representative of those for an 
0-8-0 steam switcher, a 600-hp Diesel switcher, and a 900-hp 
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TABLE 5 COMPARATIVE STEAM-SWITCHER AND _DIESEL- 
ENGINE-SWITCHER OPERATING COSTS PER HOUR OF 
LOCOMOTIVE USE 
0-8-0 Steam 600-H aig 
Item switcher? Diese Diese 
1.20 0.28 0.37 
Lubricating oil............ 0.03 0.05 0.05 
Enginehouse expense... . 0.30 0.07 0.07 
Sra 0.02 0.02 0.02 
0.90 to 1.00 0.40 to 0.60 0.50 to 0.70 
$4.14to 4.24 $2.45t02.65 $2.64 to 2.84 
Coal-fired. 


Diesel switcher; the costs for the steam switcher are average for 
a coal-fired locomotive operating in eastern territory, while the 
figures for the Diesel switchers are average for those included in 
Tables 1, 3, and 4. 

The 0-8-0 steam switcher will use from 600 to 800 lb of coal per 
hr according to whether it is doing the work of a 600-hp or a 900- 
hp Diesel switcher. The fuel cost of $1.20 corresponds to a firing 
rate of 600 lb per hr of coal which costs $4 per ton, or a firing 
rate of 800 lb per hr of coal which costs $3 per ton. The fuel 
costs for the Diesel switchers are based on a fuel-oil cost of about 
5 cents per gallon. 

Wages include two men per locomotive; the fireman on the 
steam switcher receives a slightly higher wage than the helper on 
the Diesel. 

Repair costs are taken at conservative figures. 

In comparing the figures in Table 5 it is obvious that the three 
important items are fuel, enginehouse expense, and repairs; and 
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in the case of all three items the steam-switcher costs are much 
higher than those for the Diesel switchers. 

The Diesel switcher offers a saving of from $1.45 to $1.65 per hr 
of use, and the total saving per year amounts to an impressive 
figure. Except for legal restrictions, it is feasible to operate 
these Diesel switchers with one man. Then the cost of operation 
becomes about $1.80 per hour for the 600-hp unit and $2 per 
hour for the 900-hp unit. This is a clear saving, not counter- 
balanced by other items. For instance, where there is a group 
of locomotives working, the higher availability of the Diesel per- 
mits greater use. Experience has proved that an availability of 
66 per cent for the steam switcher corresponds to 93 or 94 per 
cent availability for the Diesel, that is, seven steam switchers are 
needed to do the work of five Diesels. Comparative first costs 
are $50,000 per steam switcher and $70,000 for the 600-hp Diesel 
switcher. Thus, the over-all first cost for the group is the same 
in both cases. If the use of individual locomotives is compared, 
the operating savings quickly wipe out the difference in first cost. 

The Diesel switcher has many additional incidental advantages. 
Among them are (1) elimination of smoke nuisance, (2) elimina- 
tion of such steam-locomotive facilities as water plugs and turn- 
tables, (3) the Diesel switcher spends more time working while on 
the job because it carries sufficient fuel for continuous operation 
for one or more days; and (4) daily routine inspections are fre- 
quently conducted at the place where the engine is working, al- 
though it is necessary to make more thorough inspections at 
the enginehouse. Only when a major overhaul is needed, does 
the locomotive go back to the main repair shop. 
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The Friction of Reciprocating Engines 


By F. H. DUTCHER,' NEW YORK, N. Y. 


The author presents graphically the trend of friction- 
speed-load relations in reciprocating engines from 1878 
to the present date, using representative data from the 
literature. He discusses some of the variables which affect 
the friction of a reciprocating engine, and mentions some 
of the methods for determining friction losses. 

The paper contains a description of an automotive- 
engine and cradle-dynamometer setup used in tests for 
ascertaining the following relations: (@) Pumping losses 
versus rpm for different manifold pressures, (0) total 
friction mean pressure (pumping plus mechanical) versus 
rpm at different manifold pressures, (C) total friction 
mean pressure versus mean pressure on the pistons at 
different constant speeds, (d) mechanical friction mean 
pressure versus rpm at different manifold pressures, (€) 
mechanical friction mean pressure versus mean pressure 
on the pistons at different constant speeds. These rela- 
tions are all presented graphically. 


INTRODUCTION 


HE POINTS plotted in Figs. 1 and 2 represent a survey 
“‘s the results of many experimenters in the field of friction- 

speed-load relations over a period of about sixty years. 
It is not suggested that these are all, or even a considerable part of 
all, the test points available in the literature. They serve, how- 
ever, to give an indication of the complexity of the subject, and 
to show the danger of relying on any one or on even a few sets of 
test data unless the conditions of test, the variables involved, and 
the methods of measurement are respectively known, comparable, 
and of sufficient accuracy. 

Fig. 1 shows the relations between mechanical friction (ex- 
pressed as mean friction pressure) and indicated mean effective 
pressure for a number of reported tests covering the period from 
1878 until the present. Fig. 2, for variable-speed engines, gives 
the relations between mean effective pressure and piston speed 
for other engines during the same period. The lightly drawn 
curves on these two figures each designate a particular test, as 
noted in the list of test references given in the captions. 

Before discussing these curves, it is perhaps pertinent to note 
some of the variables which may affect the friction of a reciprocat- 
ing engine. The list is given in Table 1. Doubtless there are 


1 Associate, Mechanical Engineering, Columbia University, New 
York. Mr. Dutcher was graduated from Cornell University in 1917, 
with the degree of mechanical engineer and served with the United 
States Naval Reserve Force during the War, with the rank of Ensign. 
In 1919-1920 he was cadet engineer with the Public Service Electric 
Co.; and was instructor in mechanical engineering, at Columbia 
University from 1920 to 1935. He has served since then in his 
present capacity. For the summers of 1930 and 1931 he was in 
charge of the work of the Diesel group of Post Graduate Naval 
Officers at the Submarine Base, New London, Conn. Mr. Dutcher 
has maintained a practice as consulting engineer, particularly with 
regard to internal-combustion engines, since 1920. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting of THe AMERICAN Society oF MECHANICAL 
Enatneers, held in New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until June 10, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


TABLE 1 LIST OF VARIABLES WHICH AFFECT THE FRICTION 


OF A RECIPROCATING ENGINE 


Indicated mean effective pressure 

Maximum pressure 

Compression ratio 

Maximum/mean pressure ratio 

Revolutions per minute and/or mean piston speed 

ee temperature of (a) journal bearings and (6) piston, rings, and 

cylinder 

a of lubricating system for (a) journal bearings and (b) cylinder 
aracteristics of lubricant 

Number, type, and pressure of piston rings 

Ring pressure as affected by cylinder pressure 

E cae rigidity characteristics as affected by bed stiffness, or as affecting 

vibration. 


KOC 


others, but the list in Table 1 will give some idea of the quanti- 
ties that must, or cannot be controlled; that should be known 
or must be matters of assumption, quite possibly in error; and 
that have been, are or might well be subjects in themselves for 
extended investigations. 

Obviously, in the tests reported in Figs. 1 and 2, a large pro- 
portion of the effective variables as listed in Table 1 were not com- 
parable. In some cases, indeed, no information has been given 
which would even make possible a fairly good guess at many of 
them. Further, the tests reported cover four general classes of 
reciprocating machines, viz., (a) reciprocating steam, (b) air or 
gas compressor, (c) gas or gasoline, and (d) Diesel and compres- 
sion-ignition. 

The speed range covered, both as to piston speeds, which can 
be seen from Fig. 2 and rpm, is very wide. The types of lubri- 
cants and the ways in which they are applied are many and 
various and often not specified, and to note only one more factor, 
little, if any, mention is made of the ring types, numbers, or 
pressures. 

With these things in mind, it would seem that an attempt to 
compare the friction-load-speed relations of a reciprocating 
steam engine of 25 years ago with those of a modern high-speed 
internal-combustion engine would be absurd. However, these 
data have been presented, not as an absurdity, but rather to 
indicate a trend, and also, and perhaps more important, to show 
the importance in any study of this subject of complete informa- 
tion as to machine characteristics, control of variables, and in- 
strumentation. 

In examining the frictional losses of reciprocating engines (and 
in this connection it should be noted that the present investiga- 
tion is concerned with mechanical and not fluid friction) data 
can be cited, and are shown in Figs. 1 and 2, to prove that for 
constant-speed engines, the mean friction pressure may increase 
or decrease or remain constant with change in indicated mean 
effective pressure, and for variable-speed engines may increase 
or decrease or remain constant as the speed is varied. 

The author has no desire to attempt a solution of this con- 
siderable collection of problems by the application of one or many 
formulas. Nevertheless, in view of the large amount of work 
which has been done in the field of friction, and its reduction by 
lubrication, certain accepted facts must be noted. 

Any reciprocating engine has operating within it two distinct 
and independent systems of frictional forces: (a) That of the 
journal bearings; and (b) that of the pistons and their rings. 
These may also be considered as the rotating systems and the 
sliding system. 

We are dealing today with engines of high rotative speeds, 
which have journal bearings lubricated by oil under pressure 
and in excess of what is required solely for lubrication. These 


225 


> 
| 
= 
| 


| 
EMP vs MEP | mS | | 
“rom 1870 to 


36 
| | 
= 
30 
FM 


{ | | | | 
O STEAM Enaines 
p 4 COMPRESSION IGNITION ENGINES | 

VY SPARK IcNITION ENGINES 


Gas ENGINES 


mer | || 
70 680 90 100 10 1% 130 


| 
| 


| 
Lok» » o 


Fie. 1 ReEwLation BETWEEN FRICTION MEAN PRESSURE AND INDI- 
<ATED MEAN EFFECTIVE PRESSURE FOR ENGINES From 1878 TO 
PRESENT DATE 


TaBLe OF REFERENCES From Puiorrep Points WERE SELECTED 
1 Trans. A.S.M.E., vol. 6, 1885, p. 86, R. H. Thurston, 8in. X 14-in. 


engine 
C Trans. A.S.M.E., vol. 6, 1885, p. 86, R. H. Thurston, 7 in. X 10-in. 
engine 
D Trans. A.S.M.E., vol. 6, 1885, p. 86, R. H. Thurston, 8 in. X 12-in, 
engine 
3 Carpenter and Diederichs, 15 in. X 14 in.-automatic engine 
6 Glazebrook, 1200 bhp tandem Nirnberg engine 
13. The Automobile Engineer, vol. 22, June, 1932, Schwager oil engine 
26 Guldner, p. 328, tests by E. Meyer, 1908, 15 in. X 22.85-in. gas engine 
29 Ibid., test by R. Mathot, 1904, 16.5 in. X 18.9-in. engine 
30 Ibid., test by E. Meyer, 1903, gas engine 
34 (A and B) ibid., E. Meyer, 1900, 1.8in. X 18.25-in. Diesel 
35 (A and B) ibid., 70-bhp 15.75in. X 23.60-in. Diesel 
36 Ibid., test by E. Meyer, 1900, 6.48 in. X 10.7-in. engine 
37 Ibid., Cockerill 33.45 in. X 39.4-in. gas engine 
38 Ibid., three-cylinder Westinghouse 13 in. X 14-in. gas engine 
39 Ibid., three-cylinder Westinghouse 25 in. X 30-in. gas engine 
40 Ibid., ay Hornsby-Akroyd oil engine 
41 Ibid., 450-hp American Diesel engine 
42 Trans. A.S.M.E., vol. 39, 1917, p. 42, Baker 8%/s in. X 10!/s-in. uniflow 


engine 
43 Trans. A.S.M.E., vol. 39, 1917, p. 42, Baker 9!/, in. X 10-in. uniflow 


engine 
50 M.A.N. six-cylinder submarine engine (data not published) 
51 Nelseco eight-cylinder submarine engine (data not published) 


bearings operate with thick film lubrication (1, 2)* and it has 
been shown by Dennison (2) that the frictional drag of these 
bearings is almost entirely a function of the viscosity of the lubri- 
cant, the thickness of film (or clearance between journal and 
bearing) and the speed of rotation, and, other things being equal, 
varies almost directly with rubbing speed, and is very little, 
if at all, affected by the bearing pressure. 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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It has also been shown by the investigations of Stanton (3) 
and later Hawkes and Hardy (4) that the friction of piston rings is 
probably of the boundary type, depending but little upon rubbing 
speed and varying, but not necessarily directly, with the pres- 
sure between the rubbing surfaces and also with the viscosity of 
the lubricant. It is also indicated (5) that this variation may be 
at a decreasing rate as rubbing speed is increased. 

There is some doubt as to the type of friction due to the piston 
itself, although it would seem, if the rings fulfill their function 
of oil scraping, that there should be a considerable supply of oil 
between the piston and cylinder walls below the rings on the out- 
ward stroke of the piston. What happens on the inward stroke is 
difficult to conclude. 

Therefore, if these things are so, it would seem probable that 
an increase in friction mean pressure due to journal-bearing fric- 
tion would result from an increase in speed, the indicated mean 
effective pressure remaining constant; also, an increase in friction 
mean pressure due to increased ring friction would follow an in- 
crease in load (or indicated mean effective pressure) with con- 
stant speed, providing only that there is an increase in ring pres- 
sure with an increase in indicated mean effective pressure. 

Hawkes and Hardy (4) indicate that the effect of increasing the 
indicated mean effective pressure upon the friction of the piston 
itself is not necessarily significant, but they show clearly that fric- 
tional drag between the ring and cylinder does increase with in- 
creased ring pressure. In addition to this, Robertson and Ford 
(6) have shown that a close relationship exists between cylinder 
pressures and pressures back of the two top rings of a three-ring 
piston. 

Consequently, if these investigators are to be believed, one 
would expect that either an increase in speed at constant load, or 
an increase in load at constant speed would cause an increase in 
frictional drag of one or the other of the two frictional systems, 
and hence an increase in friction mean pressure. 

The experiments of Stanton (3) and Hawkes and Hardy (4) 
were conducted with constant pressures back of the piston mngs 
and at low piston speeds. Robertson and Ford (6) conducted 
their investigation on a gas engine of low rotative speed, so that 
the effects of high piston and rotative speeds, and rapidly fluc- 
tuating cylinder pressures are not, as far as the author knows, 
definitely established. Nevertheless, these investigations, when 
taken together, indicate a trend, and the present investigation 
was made in order to determine whether that trend continued 
into the range of modern high-speed, high mean effective pres- 
sure internal-combustion engines. 

Since the experimental results of the last half century, taken 
in toto, cannot be said to give a conclusive answer to the problem, 
it is desirable that some method be developed which can extend 
the results of already performed experiments into the range of 
present practice, for general use in prediction, design, and possibly 
still further improvement. 

What is desired is obviously a thoroughly accurate and rugged 
indicator, an instrument so sensitive as to permit the evaluation 
of fluid pumping losses as well as the high maximum pressures 
encountered in high-output (or heavily knocking) engines, and 
this at speeds well in excess of 3000 rpm. The author knows of 
no such instrument, although there are several which are well- 
suited to examination of the lower speed range. 

A technique must be developed, therefore, in which the indi- 
cator does not have a major function. This technique must be 
simple, should not require expensive or unusual equipment, and 
should simulate as closely as is possible the operating conditions 
under load in so far as the controlling variables previously men- 
tioned are concerned. 

The following six methods for determining friction mean pres- 
sure are at present in use, or have been used: 
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TaBLe OF REFERENCES FroM Wuicn P.Lorrep Points WeRE SELECTED 
Peele, p. 178, 16-in., 18-in., 28-in., and 28-in. X 24-in., air compressor 
Peele, p. 178, 18-in., 16.5-in., 30-in, and 26 in. X 30-in. air compressor 
Trans. A.S.M.E., vol, 10, 1889, p. 123, R. H. Thurston, 8 in. X 14-in. 
straight-line engine 
Trans. A.S.M.E., vol.9, 1888, R. H. Thurston, 7 in. X 7-in. Jarvis engine 
“Diesel Engines.’’ by S. A. Green, The Automobile Engineer, vol. 22, 1932, 
engine 
bid., Diesel engine 
“Internal-Combustion Engine and Its Performance,” by W. A. Tookey, 
The Automobile Engineer, vol 21, 1931, engine with 5-in. stroke assumed 
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1 The high-speed indicator. 

2 Fora multicylinder engine of n cylinders, cutting the igni- 
tion of each of the cylinders in turn, maintaining speed constant, 
and taking the sum of the several differences between the brake 
horsepower of n and n— I cylinders as the indicated horsepower. 

3 With the engine warmed up and operating at a desired 
condition of load and speed, cutting the ignition, and motoring 
with a dynamometer at the same speed, the throttle setting re- 
maining unchanged. 

4 With the same conditions as in No. 3, cutting the ignition 
and allowing the engine to come to rest, taking the time for this 
deceleration, and calculating from the known inertia of the sys- 
tem the frictional forces operating. 

5 Taylor’s method (7) in which an engine was equipped with 
a dummy head and motored by a dynamometer, with controlled 
constant pressure maintained above the pistons. 

6 Moss’s method (8) of motoring an engine, but maintaining 
equal and controlled pressures in the inlet and exhaust manifolds, 
the valves operating as usual. 

Of these several methods, the first has already been discussed, 
and the possibilities and limitations of the Nos. 2, 3, and 4 are 
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12 Lt Automobile Engineer, editorial, vol. 22, June, 1932, 8-in. X 11-in. 
oil engine 

14 Trans. A.S.M.E., vol. 9, 1888, R. H. Thurston, 6-in. X 12-in. engine 

15 N.A.C.A. Report No. 471, Schey and Young, 5'/:-in. X 6-in. injection 
engine 

16 Ibid., 5!/:-in. by 6-in. gasoline engine 

17 S.A.E, annual-meeting paper, Mc , 1937, C.F.R. engine 

18 Trans. A.S.M.E., vol. 46, 1924, ‘Large Oil Engines, etc:,"’ C. E. Lucke, 
Table 5, No. 3 

19 Institution of Naval Architects, July 8, 1930, Hawkes submarine engine 

32 Guldner, 500-hp 26.6 in. X 37.38-in. Oechelhauser gas engine 


well-known and have been discussed in many references, of which 
two (9, 10) are cited. To the author, Nos. 5 and 6 are by far the 
most attractive. 

Taylor’s constant-pressure method seems to simulate pretty 
well the operating mean pressures, although the temperatures of 
the sliding parts will not be comparable with those of an engine 
operating under power. Also, the fact that a steady pressure is 
maintained upon the piston face would produce a constant pres- 
sure back of the rings, which might be more nearly equal than is 
indicated by Robertson (6) as normal for an operating engine, 
although Stanton’s (3) work would seem to preclude this equal- 
ization. Furthermore, it is possible that the fluctuations of pres- 
sure occurring in an actual cycle have a corresponding fluctuat- 
ing effect on the ring-face pressures, and hence on their drag. 

Moss (8), in his investigation, produces pressure fluctuations 
which are probably not too far out of line with actual conditions. 
It should be possible also to get piston and ring temperatures 
fairly well simulating those of power operation. Taylor’s method 
(7) is also free from the necessity of evaluating fluid-friction 
losses, although the conditions of Moss’s experiment were such 
as to make possible the use of an indicator which might func- 
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Fic. 3. Two VIEws OF THE TEsT SETuP 


{(1) Tank for jacket-water system. (2) Jacket-water circulating pump. (3) Air-meter for measuring blowby. (4) Shop air line with reducing valve. 
(5) Pressure gage on manifold. (6) Meter in lubricating oil line. (7) Heat exchanger in the oil line. (8) Motor-driven lubricating pump.] 


tion adequately here, and yet not be satisfactory under power at 
high speeds and high heat-release rates. 

The present investigation was conducted along the lines fol- 
lowed by Moss, with some modifications, and over a consider- 
ably wider range of speed and pressure conditions, on an engine 
quite similar in size and general characteristics to that used by 
Taylor. 


THE EXPERIMENTAL SETUP 


A six-cylinder automobile engine, having a 3'/s-in. bore, 4°/s-in. 
stroke, a 5.8 compression (volume) ratio, pressure lubrication to 
main, big-end and cam-shaft bearings with splash to the cylinder 
walls, and aluminum four-ring pistons, was direct-connected to a 
150-hp electric cradle dynamometer. In order that the number 
of variables might be reduced, the lubricating-oil pump was dis- 
connected, as was the belt-driven water pump, and separate 
motor-driven pumps were substituted. A heat-exchanger, ar- 
ranged either for heating or cooling, was placed in the lubricating 
system in order that the temperature of the oil entering the 
bearings might be controlled. The jacket-cooling system was of 
the circulating type, with a hot-water drain at the top of a small 
tank, and a cold-water bleed to the tank for temperature con- 
trol. There was also a steam line to the tank in order that warm- 
ing up time might be reduced. Suitably placed thermometers 
in the water and lubricating systems made it possible to control 
temperatures to very close limits. Views of the experimental 
setup are shown in Fig. 3. 

Pennsylvania S8.A.E. 30 lubricating oil was used for all runs. 
This oil had a viscosity at 100 F, 130 F, and 210 F of 480, 222, and 
65 sec Saybolt Universal, respectively; its pour point was 15 F. 

In order to simplify and at the same time have adequate 


cylinder-pressure control, the carburetor was removed and the 
exhaust-manifold outlet piped around to the inlet manifold at 
the carburetor flange, forming a closed system; therefore, the 
air in the engine, when it was motored, circulated from the ex- 
haust to the intake manifold and thence through the valves, 
which were allowed to function normally, to the cylinder and 
around the system again. Pressure control on the manifold sys- 
tem was obtained by connecting the shop air supply to the mani- 
folds, through a reducing valve, as well as a vacuum line to a 
steam-jet exhauster for subatmospheric pressures. 

In order to determine accurately the pumping losses, which 
were of considerable magnitude particularly at high speeds and 
with the higher manifold pressures, a Bureau of Standards bal- 
anced-diaphragm indicator (13) was used. This instrument, 
which was modified according to a suggestion of E. 8. Dennison, 
while not entirely satisfactory for power operation, gave excellent 
results under the conditions obtaining in this investigation. 


Test PrRocepURE 


The primary purpose of this investigation was to determine 
whether the method employed could be relied upon for adequate 
simulation of operating conditions, and hence would give ac- 
curate data on the friction characteristics of an engine. There- 
fore, no effort was made to explore the effects of more than the 
minimum number of variables; in fact, every effort was made to 
keep the number of variables as low as possible. For this rea- 
son, a lubricant was used which would be used in normal opera- 
tion of this engine, and the lubricant and jacket temperatures 
were held at a value representative of good operating conditions, 
namely, 180 F. 

Runs were made covering a speed range of from 1000 to 3000 
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rpm with a manifold-pressure range of from 22 in. Hg vacuum to 
40 lb per sq in. gage, at pressure increments of about 10 lb per sq 
in. In order to determine the fluid pumping losses, enough differ- 
ent speeds were examined with the indicator at each pressure 
employed to establish these values throughout the speed range 
covered. 

All motoring torque figures were converted to friction mean 
pressure, and as such appear in the results. It can be seen that 
the difference between the total friction-mean-pressure figures as 
taken from the dynamometer, and the fluid pumping losses as 
figured from the indicator diagrams, gave the friction mean pres- 
sure due to mechanical friction. 

Some difficulty was experienced at speeds below 1000 rpm. 
This was identified as vibration effect, and is mentioned because it 
is considered of interest although it occurred at a speed below the 
normal operating range of the engine. This vibration made itself 
evident at first by a distinct and rapid rise in friction-mean- 
pressure versus revolutions-per-minute relations as the speed 
was decreased from 1000 rpm. It had been expected that the 
friction mean pressure would drop as speed was decreased as it 
did in the range above 1000 rpm. Therefore, when a sharp rise 
was noted, an investigation was made, and the drive shaft con- 
necting the dynamometer and engine was found to be very hot 
at the middle while at the same time the ends were normally 
cool. It is of interest also that this vibration effect was not par- 
ticularly apparent as a shaking of the engine or test apparatus. 
Since this condition obtained within a very narrow speed range, 
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and at a point outside the range to be explored, it was not con- 
sidered important enough to rebuild the setup to remove the 
vibration, and the work was confined to the upper range of speeds, 
as originally planned. 

One other run was made in order to determine the effect of 
speed upon the engine friction with atmospheric pressure upon 
the pistons and no fluid friction. 

It was thought at first that the fluid resistance would be negli- 
gible if valves, manifolds, and spark plugs were removed (7) and 
the engine motored through the speed range with the cylinder 
head in place. Such a run was made, and the resulting curve of 
friction mean pressure versus revolutions per minute had a slight 
upward concavity. This might or might not have been due to 
fluid friction, but in order to be sure, the head was removed and 
the run repeated. In this latter case, the friction mean pressure 
was found to vary directly with rpm, the plotted points falling 
on a straight line, which, when extended, passed through the 
origin. Therefore, these latter figures were taken as representing 
the true mechanical friction for the particular condition ex- 
amined. 

EXPLANATION OF TEsT CURVES 


The results ‘of this investigation are shown graphically in Figs. , 
4 to 8, inclusive. Fig. 4 shows the relation between charging 
and discharging mean pressures (pumping losses) and revolutions 
per minute for different manifold pressures. Fig. 5 shows the rela- 
tion between total friction mean pressure (total = pumping + 
mechanical) and revolutions per minute at different manifold 
pressures. Fig. 6 shows the relation between total friction mean 
pressure and the mean pressure on the pistons at different con- 
stant rotating speeds (rpm). Fig. 7 shows the relation between 
mechanical friction mean pressure (mechanical = total — pump- 
ing) and rotating speeds (rpm) at different manifold pressures. 
Fig. 8 shows the relation between mechanical friction mean pres- 
sure and the mean pressure on the pistons at different constant 
speeds. 

The pumping mean pressure varied, as was expected, directly 
with the density and as a power greater than one of the velocity 
(as a function of rpm). In order to determine the exponent of 
the velocity factor, the peints were plotted logarithmically and 
it was found that the slope of the line was 1.85. 

Therefore, the pumping mean pressure varied as pV!-* 

Fig. 5 is considered of interest for two reasons. In the first 
place, it represents the actual total torque (expressed as mean pres- 
sure) required to motor the engine under the test conditions, and 


Fig. 8 RELATION BETWEEN FRICTION MEAN PRESSURE 
AND THE MEAN PRESSURE ON THE Pistons aT CONSTANT 
SPEEDS 


is the basic data from which all calculations have been made. 
Second, it shows clearly an effect noted by Hawkes and Hardy (4) 
in their investigation; they found that after a set of rings had 
been thoroughly run in, the friction due to them was less than at 
the start of the test. It will be seen in Fig. 5 that there are two 
sets of curves, one dashed and the other solid lines. The dashed 
curves, representing slightly higher values of friction mean pres- 
sure, show the results of runs made at the beginning of the in- 
vestigation, when the engine had been run in for only a short 
period. During the period between these runs and the second 
set (shown in solid lines) the engine operated normally under 
power for something over 50 hr. The difference between the two 
sets of readings is believed to be due to the same conditions as 
were reported by Hawkes and Hardy. 

Fig. 6 is represented as a complement to Fig. 5, in order to show 
the effect on total friction of the change in mean pressure at con- 
stant speeds. There is also plotted in Fig. 5 the curve for fric- 
tion mean pressure versus revolutions per minute for the en- 
gine when motored without cylinder head. 

It will be noted that only in the latter case is the friction mean 
pressure a direct function of speed. In all other cases, friction 
mean pressure increases with speed, but at a decreasing rate. 

Fig. 7 shows graphically the relation between mechanical fric- 
tion (fmp) and rpm for the several manifold pressures investi- 
gated. 

Fig. 8 bears the same relation to Fig. 7 that Fig. 6 does to Fig. 5. 
It shows, for several constant speeds, the relation between the 
friction mean pressure and the mean pressure above the pistons. 
These curves show an increase in friction mean pressure with 
mean-pressure increase, but at a decreasing rate. 


DiscussiION OF RESULTS 


It should be noted at this point that the practice of reporting 
friction mean pressure versus indicated mean effective pressure 
leads to a slight misconception as to what actually occurs in an 
engine. By definition, indicated mean effective pressure is the 
mean effective pressure acting upon the piston through one cycle, 
or 


mep = MPep — MPoom — (MPexn — MPaue) {1} 


where mep = indicated mean effective pressure, MPexp = mean 
expansion pressure, MPeom = mean compression pressure, M Pez 
= mean exhaust pressure and MPyue = mean suction pressure, 
all mean pressures being taken as the absolute pressures. 
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Robertson and Ford (6) show that in slow-speed engines, at 
least, the momentary pressures in the ring grooves (and, there- 
fore, back of the rings) are functions of the corresponding momen- 
tary pressures above the piston, varying in magnitude with the 
condition of the rings as to fit, and depending upon which ring in 
the group is under consideration. 

Therefore, since Hawkes and Hardy (4) and Stanton (3) have 
shown a relation between ring-groove pressure and ring friction, 
the author believes that not indicated mean effective pressure, 
but indicated mean pressure plus twice the mean compression 
pressure should be considered as a basis for examining the rela- 
tions between friction mean pressure and load. Ricardo (15) 
and Judge (16) take cognizance of this situation, but do not men- 
tion it specifically in their formulas for predicting mechanical 
friction losses. 

This may, in part, account for the relatively higher friction 
mean pressures of compression-ignition engines. For a compres- 
sion line of PV'-*3 = K, an engine with a compression pressure of 
500 lb per sq in. gage has a mean compression pressure of 148 
lb per sq in. which, when augmented by a conservative figure of 
100 lb per sq in., to give a mean expansion pressure of 248 lb per 
sq in. or an indicated mean effective pressure of 100 lb per sq in. 
thus becomes mep = MPexp — MPoom, or 100 = 248 — 148, 
showing that there is acting upon the piston during the compres- 
sion and expansion strokes a mean pressure on the piston 


MPpyiston = MPexp + MPeom (2] 


or, with the foregoing pressures and assuming a two-stroke-cycle 
engine 


MPyiswn = (248 + 148)/2 = 198 lb per sq in. 


Since for the purposes of calculation, these pressures are taken 
as absolute, it is necessary to subtract the atmospheric pres- 


sure from the average value or 
MPyiston = ((248 + 148) /2] — 14.7 = 183.3 lb per sq in. 


foratwo-cycleengine. Fora four-cycle engine 


mep + 2M Pen + (M Paue + MPexn) 
4 


MP ysston = 14.7. {3] 


or using the foregoing pressures, and assuming a four-cycle engine 


9 
MP piston = 100 + (2 + (2 X 14.7) 
sq in. acting on the piston throughout the cycle. 

This indicates, and Robertson’s work is most pertinent in this 
connection, that even a very conservatively rated (as to mean 
effective pressure) engine may actually have a very considerable 
mean pressure above its pistons throughout the entire four 
strokes of the cycle. 

The method of calculating the mean piston pressure used in 
the present work is 


+ MPap MPauce + MP 
+ 


2(MPoom + Pmasn) 
4 


91.4 lb per 


MP = 


— 14.7... [4] 


where MP = mean pressure on the piston, Pman = manifold 
pressure, and all the pressures are taken as absolute. The 
difference between (MPexn — MPouc)/2 and the pressure main- 
tained in the manifolds was found to be so small in the present 
investlgation that it could be neglected. Measurement of piston 
blowby, as well as indicator diagrams, showed that leakage was 
so slight that for all practical purposes MPoom = MPexp. The cal- 
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culation of either of these mean pressures involves a knowledge 
only of the percentage clearance or compression ratio, maximum 
(or minimum) pressure the value of the exponent s in the equa- 
tion PV’ = K. 

For the engine examined, the value of s was determined for all 
plotted points and was found to vary so little from 1.3 that this 
value is used throughout this work. The mean pressure under 
an exponential expansion line is expressed by the relation 


where R, = volume ratio. The results of this calculation are 


TABLE 2 MANIFOLD, MAXIMUM, AND EXPAN- 
SION, AND MEAN PISTON PRESSURE 


Mean com- 
pression or 
expansion 
ressures Mean pressures on pis- 
Manifold 4 Maximum Pcom or tons Ppiston, |b per 
sures Pman, | Pmax, “MPexp |b 84] In. 
per sq in. — b per sqin. abs persqin. abs Abs Gage 
4.0 39.4 7.6 1— 7.0 
11.0 108.2 30.8 20.9 6.2 
14.7 144.6 41.1 27.9 10.2 
24.7 243.0 69.2 46.9 32.2 
34.7 342.0 7.4 66.0 51.3 
44.7 440.0 125.0 85.0 70.3 
54.7 539.0 153.0 103.9 89.2 


given in Table 2 where R, = 5.8 (hence, the clearance = 0.208), 
PV':3 = K, and 


Pax X 0.208 1 
( = 0.2842P max 


where the maximum pressure Pmax is in lb per sq in. abs. 

The engine under consideration is rated at 77 bhp at 3600 rpm, 
or a bmep of 84 lb per sqin. According to the previous reason- 
ing, and assuming a friction mean pressure of 25 Ib, the mean 
pressure on the pistons for the cycle of four strokes would be 


84 + 25 + (2 X 41.1) + (2 X 14.7) 
4 


— 14.7 = 41.4 lb per sq in. 


The average values of the pressures in the ring grooves, due 
to these high mean piston pressures and at high speeds have not, 
as far as is known to the author, been experimentally determined 
as yet. In this connection it would seem well to quote from a 
letter from Professor Robertson to the author: “It is rather 
dangerous to theorize on the probable pressures in the ring 
grooves at high speed, but I would expect that the principal 
change will be an increase in the lag between the pressure in the 
combustion chamber and that in the ring groove. If we knew, 
we might offer some explanation of the phenomena of ring flutter 
at high speeds.” 

The author agrees entirely with this viewpoint, particularly 
in regard to the danger of theorizing on the effects of high speeds. 
Professor Robertson’s suggestion of lag, however, is noteworthy 
since it is believed that it may offer an explanation for some of 
the results obtained in this investigation. 

The results of the present investigation, as shown graphically 
in Figs. 7 and 8, indicate some interesting relations between 
friction mean pressure and speed and/or mean pressure on the 
pistons. 

The curve for atmospheric manifold pressure, which is sub- 
stantially that of the conventional motoring test (noted previ- 
ously as method No. 3) except for the subtraction of pumping 
losses, shows that the value for friction mean pressure increases 
a matter of 220 per cent for an increase in speed of 300 per cent 
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(from 6.5 lb, friction mean pressure at 1000 rpm to 14.25 Ib at 
3000 rpm). 

The effect of increasing MP at constant speed varies consider- 
ably according to the speed examined. 

For 1000 rpm, the change in friction mean pressure, hereafter 
denoted as FMP, for a change in MP of from 10.2 (atmospheric 
pressure on the manifolds) to 89.2 (40 Ib per sq in. gage on the 
manifolds) is from FMPatm = 6.25 to FMP = 17.0, or 272 per 
cent. The same range of MP at 3000 rpm shows a smaller in- 
crease, or FMPatm = 14.2 to FMP = 21.2, or 149 per cent. 

The effect of change of speed at MP = 89.2, or 40 lb per sq in. 
gage on the manifolds amounts to an increase of from FM Pio = 
17.0 to FMPscoo = 21.2, or 125 per cent. These figures indicate 
the validity of the original assumption, viz., that for an increase 
in speed at constant load, there would be an increase in FMP, as 
would also be the case for an increase in load at constant speed. 

The fact of the decelerating rate of increase in FMP is a mat- 
ter of considerable interest. The downward concavity of both 
sets of curves in Figs. 7 and 8 indicates the possibility, at least, 
of an upper limit to the friction losses of any given engine, de- 
pending upon conditions that can at present only be surmised. 

Stanton (3) and Hawkes and Hardy (4) show that as the 
rubbing speed of rings upon cylinder walls is increased, at given 
normal pressures, so also does the coefficient of friction decrease. 
Hawkes and Hardy also state that it is their belief, due to the re- 
sults of their experiments, that “‘the view held by some engineers 
that, in a trunk-piston engine, piston friction is almost entirely 
due to the side thrust of the piston, and that the friction of the 
rings is comparatively small” is not correct. 

They also point out that in an operating engine, the contami- 
nation of the lubricant due to carbonization of oil or incomplete 
combustion may somewhat impair its lubricating qualities, which 
might cause higher friction losses in practice than under the 
conditions of the present test. There is in this instance, however, 
a compensating effect in that the piston temperature in an operat- 
ing engine will naturally be much higher, and the viscosity of the 
oil in contact with it correspondingly lower, than would obtain 
when the engine was being motored. 

Hawkes and Hardy also investigated the effects of blowby 
upon the friction due to rings, and found that with rings having 
rounded edges, in order to induce blowby, the friction of the rings 
increased to a marked degree. Sparrow (12) states that there 
may be a definite relation between maximum blowby and gas 
pressure and inertia force, but the top speed of the present in- 
vestigation was lower than that at which he found blowby seri- 
ous, and it is not thought that blowby conditions in the present 
instance seriously affected the results. The principal reason for 
this conclusion is the lack of any indication of a critical condi- 
tion, as evidenced by the continuity of all curves. 

It is of interest that the friction mean pressure values obtained 
in the present test do not differ widely, either in value or trend, 
from those obtained by Taylor (7) with a somewhat similar en- 


gine. 
CONCLUSION 
In conclusion the author wishes to point out that the range of 
speeds and pressures investigated, while considered as adequate 


for the development of a test method, is not sufficiently wide to 
allow prediction of frictional losses of present, high-output en- 
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gines. A trend is indicated, from which a hypothetical result 
may be arrived at, but as Professor Robertson pointed out in his 
letter, ‘it is dangerous to theorize.” 

In this connection the author especially regrets that it was not 
possible to explore the speed range up to at least 4000 rpm. Had 
it been possible to do this, results might have been obtained that 
would establish the correctness, or otherwise, of Illmer’s hy- 
pothesis (14). It is certain that, in the data presented herewith, 
there are no discontinuities which would indicate a sudden build- 
ing up of ring pressures. On the contrary, the effects noted are 
gradual and consistent. It is hoped that Professor Robertson 
may successfully conclude his investigations of ring-groove pres- 
sures at higher speeds than have as yet been reported, since ac- 
curate information on ring pressures at really high speeds will, 
to a considerable degree, answer the question as to what high- 
speed friction losses may amount to. 

The author believes that the results herewith presented indicate 
that the mechanical losses of high-speed internal-combustion en- 
gines are higher than is at present believed. It is suggested, 
therefore, that further investigations along this line be made, 
which will cover the speed and pressure ranges likely to be 
reached in the near future, and which could not be satisfactorily 
explored with the setup as described in this paper. 
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Sulphate-Resisting Cement 


By SVEND RORDAM,' HOUSTON, TEXAS 


This paper discusses the ingredients of Portland cement 
and their effect upon its properties, especially with respect 
to its resistance to the destructive action of salt solutions, 
particularly those, such as sea water, that contain sul- 
phates. Tabulated data show the effects of corrosive 
solutions on specimens of various compositions, and the 
conclusion is reached that a cement having less than 
three per cent tricalcium aluminate is practically im- 
mune to the attacks of sulphate solutions. 

It is also shown that higher temperatures definitely re- 
duce the destructive effect from this cause, and that there- 
fore a sulphate-resisting cement is not as necessary in 
high-temperature oil wells as in those of low tempera- 
ture. 

The author recommends, however, that only truly sul- 
phate-resisting cements be used for cementing oil wells. 


HE QUESTION of developing a cement which would be 

resistant to the destructive action of sea water and other 

corrosive waters is a problem which has occupied cement 
chemists for the past hundred years. Some of the earliest investi- 
gations along this line were carried out by Vicat in France. His 
work was followed by the work of Le Chatelier in France and by 
Michaelis in Germany. 

Both Le Chatelier and Michaelis arrived at the conclusion that 
it was the alumina compounds in the cement which were the least 
resistant. They demonstrated that if alumina in the cement were 
replaced with other metallic oxides, especially iron oxide, a ce- 
ment would be obtained which was considerably more resistant. 
Similar investigations have been carried out in other countries 
in an endeavor to solve the problem of how to protect concrete 
structures against the destructive action of sea water and cor- 
rosive soil conditions. 

Of the various salts contained in sea water and in the natural 
ground waters it has been found that it is the sodium sulphate, 
the magnesium sulphate, and the magnesium chloride which are 
the most destructive to the cement. These salts will react with 
the lime and the alumina compounds in the cement and cause a 
swelling and crumbling of the hardened cement paste which may 
lead to a complete disintegration of the concrete. The rate of 
the attack on hardened cement paste by sulphate solutions is, to 
some extent, governed by the concentration of the sulphates in 
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understood as individual expressions of their authors, and not those 
of the Society. 


the water. Solutions of sodium sulphate (Na.SO,) and magne- 
sium sulphate (MgSO,) are strongly corrosive, but for both com- 
pounds a limiting concentration exists beyond which a further 
increase raises the rate of attack only slightly. 

The approximate limiting concentrations are: 


Per cent Equivalent parts per million 
Sodium sulphate..............1.0 6800 SO, 
Magnesium sulphate jie 1000 Mg 


The analyses in Table 1 show very clearly that highly corrosive 
waters can be expected in oil wells. It must be borne in mind 
that, although an average analysis of the water from a well may 
indicate that the water is not particularly corrosive, it is quite 
possible that some of the strata may be carrying highly corrosive 
waters which may be distinctly injurious to the cement if the 
proper precautions are not taken. 

Composition of Portland Cement. It has been established that 
a Portland cement is composed of four major compounds: 


Tricalcium silicate, 3CaO.SiO, (C;S) 

2 Dicalcium silicate, 2CaO.SiO, 

3 Tricalcium aluminate, 3CaO.Al,0O; (C;A) 

4 Tetracalcium aluminoferrite, 4CaO.Al,0;.Fe.0; (CAF) 


The two calcium silicates are the main strength contributors. 
The tricalcium aluminate (C;A) contributes some to the early 
strength of the cement, but it is the compound which has the 
least resistance toward the attacks of sulphate waters. The 
tetracalcium aluminoferrite (C,AF) does not contribute very 
much to the strength of the cement, but it is far more resistant 
than the tricalcium aluminate. 

Nature of Destructive Action of Sulphate Waters. When a 
hardened cement is exposed to water containing sodium or 
magnesium sulphates these salts will react with the hydrated 
tricalcium aluminate in the cement and form compounds which 
will cause a swelling and disruption of the hardened cement. 

This destructive action of sulphate solutions on hardened ce- 
ment has been the subject of a large amount of study both in the 
laboratories and in the field. The general conclusion arrived at 
has been, that, in order to be resistant a cement should contain 
little or no tricalcium aluminate. The investigations also indicate 
that the compound C,AF in the cement should not exceed 20 
per cent. It should, preferably, be a good deal below 20 per cent. 


TABLE 1 WATER ANALYSES, PARTS PER MILLION 
Sea water - West Texas oil wells———~._ Refugio Texas 
Sid. 35 38 56 
e 0.38 1 10 
Ca 430 788 600 828 4000 
Me 1330 384 205 428 446 
Na 11000 2912 995 {3316 8612 
400 48 40 726 
HCO rs 200 181 154 1630 
Cl 19800 4600 1600 5125 2 
NO; 7.3 8.6 
SOx 2760 3160 2041 3560 3450 


It will take too long to go into the details of the many investiga- 
tions which have been carried out here in the United States, in 


’ Canada, and in Europe to solve the problem of what constitutes 


a sulphate-resistant cement, but some of the findings during the 
past ten years give very definite information in this respect. 

The work carried out by the Portland Cement Association? in 
the research laboratories in Washington and Chicago has estab- 


? Portland Cement Association Research Reports, 1929-1936. 
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lished clearly that a cement having from 0 to 3 per cent C3A can 
be termed practically immune to the attacks of sulphate solu- 
tions. When the C;A content exceeds 4 to 5 per cent, failures can 
be expected. 

Similar observations have been made by Tuthill.* From the 
results of his work were formulated the specifications for the 
cement to be used in the construction of the Colorado River 
Aqueduct. These specifications have the following requirements 
regarding the compound composition of the cement: 


Per cent by weight 


C3A not over 4 
C;A plus C,AF not over 12 
C3S not over 50 
CS not less than 30 


An interesting series of tests was carried out by Tuthill by ex- 
posing test specimens made of plastic mortar (1 part cement, 3 
parts sand) to the action of 10 per cent sodium-sulphate solutions 
at 70 and at 160 F. In all cases it was found that the sulphate 
solution was more destructive at the lower temperature. A 
classification of the cements according to compound composition 
and resistance to the sulphate solutions appears in Table 2. 


TABLE 2 TESTS IN SOLUTION OF 10 PER CENT SODIUM 
SULPHATE 


Compound composition, per cent 


by weight Temperature—————. 
c3s C28 C3A C,AF 70 F 160 F 
49 24 9 7 Failed® 68% strengthd 
59 11 14 Failed¢ 35% strengthd 
70 3 8 11 Failed@ Failed¢ 
17 54 5 16 Failed’ Goodb 
31 40 & 12 Failed’ Good> 
54 20 11 8 Failed@ Good> 
55 18 9 8 Failed@ 84% strength’ 
56 19 9 9 Failed* Good> 
57 21 6 7 Failedd Good> 
32 51 5 6 Good> Goodb 
35 36 3 18 Faird 
53 30 2 9 Excellentd Goodb 
60 15 l 18 Goode Goode 


@In6 months; 1 year; ¢ in 10 months. 


The federal specifications for a sulphate-resisting Portland 
cement, SS-C-211, September 30, 1936, specify that the C;A in 
the cement must not exceed 5 per cent. 

Solacolu‘ has conducted a series of tests in an effort to systema- 
tize Portland cements according to chemical composition. As a 
result of his investigations of the sulphate resistance of various 


3 ‘Resistance of Cement to the Corrosive Action of Sodium-Sul- 
phate Solutions,’”’ by L. H. Tuthill, Journal American Concrete Insti- 
tute, vol. 8, November--December, 1936, pp. 83-106. 

‘ “Systematik und Bezeichnungsfragen der Portlandzemente,’’ by 
S. Solacolu, Zement, vol. 25, June, 1936, p. 419. 
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types of Portland cements he classified the cements in four groups: 


(1) Very stable cements, ratio Al,O;/Fe,Os, ranging from 0 to 0.7 

(2) Stable cements, ratio Al,O;/Fe,0;, ranging from 0.7 to 1.0 

(3) Acceptable cements, ratio Al,O;/Fe,O;, ranging from 1.0 to 
1.4 

(4) Cements with a ratio Al,O;/Fe,O; in excess of 1.4 are not 
considered stable in sulphate solutions. 


Several investigators have made the observation that a steam 
curing of cement specimens greatly increases their resistance to 
sulphate solutions. 

Tuthill made the direct observation that an increase of the 
temperature of the corrosive solution decreased the corrosive 
action. This observation, which is opposite to what might have 
been expected, has been confirmed by a series of tests made in 
our laboratory. Thin plates of neat cement were stored in 10 per 
cent sodium-sulphate solutions at 70 and at 200 F. The two 
series of tests given in Table 3 are typical of the results obtained. 


TABLE 3 


Compound compositions of the Effect of exposure to 10 per cent 
cements, per cent by weight sodium-sulphate solution 


Speci- — — 
men C:S CsA CsAF At 70 F At 200 F 
A 48.4 26.2 12.8 6.8 Failedin 13 days 6 months: good 
B 56.1 21.8 0.2 17.3 6months: perfect 6 months: perfect 


Specimen A was a normal Portland cement. Specimen B was a sulphate- 
resisting cement. 


SUMMARY 


In summarizing the results of the great many tests which have 
been carried out to investigate the action of sulphate solutions 
on set cement, and in applying this information to the problem of 
an oil-well cement exposed to solutions of sulphates and chlorides 
at temperatures which may range from around 100 to well over 
212 F it appears that the need for sulphate-resisting cement may 
be more important when the corrosive waters are encountered at 
a lower temperature than it is in the deep wells where the tem- 
perature may be over 200 F. 

The active life of most oil wells is probably in the range of from 
10 to 40 yr but present oil-conservation methods should tend to 
prolong this life somewhat. It is obviously important that the 
cementing of a well should stand up until the well is exhausted. 

The addition of set-retarding admixtures to a normally non- 
sulphate-resisting cement to make it suitable for cementing at 
high temperatures, does not improve the sulphate-resisting 
qualities of the cement in any way. A cement which is defi- 
nitely not resistant to sulphate solutions at around 100 F may 
become more resistant at a higher temperature but, on the other 
hand, a cement which is resistant to the attacks of sulphate 
waters at a low temperature is bound to be even more resistant 
at the higher temperatures. Therefore it would seem advisa- 
ble that only truly sulphate-resisting cements be used in the 
cementing of oil wells. 
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Some Results From Research on 
Flow Nozzles 


By H. S. BEAN,' WASHINGTON, D. C., ano S. R. BEITLER,? COLUMBUS, OHIO 


The circumstances which caused the A.S.M.E. Special 
Research Committee on Fluid Meters to undertake the 
present research program on flow nozzles were recounted 
in an earlier paper.’ In that paper many of the commit- 
tee’s arrangements and plans for conducting the research 
were given. In another paper,‘ a description was given of 
the method being used to measure the size and shape of 
the nozzles. 

This present paper which is the third of the series is a 
progress report presenting the results from various sub- 
sidiary tests. There is given a comparison of results from 
tests using rough and smooth pipe, standard and extra- 
heavy pipe, and clean and deposit-coated nozzles. Based 
upon tests with steam, there is given a comparison of the 
adiabatic-expansion factor ¢ and the “‘net’’-expansion fac- 
tor Y. The results from several groups of pressure-gradi- 
ent tests are presented, and based upon these results there 
is given a recommendation on the location of pipe-wall 
taps. 


Errects OF SoME INSTALLATION CONDITIONS 


Contributed by the A.S.M.E. Special Research Committee on 
Fluid Meters and presented at the Annual Meeting of THz AMERI- 
OAN Society OF MECHANICAL ENGINEERS, held in New York, N. Y., 
December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.8S.M.E., 29 West 39th Street, N. Y., and will be accepted until 
June 10, 1938, for publication at a later date. Discussion received 
after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be under- 
stood as individual expressions of their authors, and not those of the 
Society. 


(A) The Effects of Pipe Surface Upon the Coefficients of Some 
1.8.A. Nozzles. The program which is being followed by the sub- 
committee on flow-nozzle research includes tests on nozzles of 
the I.S.A. type. Some of these tests have been made, and others 
will be made before the program is ended. The tests to be re- 
ported on herein were made at the Engineering Experiment Sta- 
tion of Ohio State University on a series of six nozzles which were 
loaned to the Committee by the Bailey Meter Company. These 
nozzles were made for standard 3-in. pipe and ranged from a 


! Senior Physicist, Chief, Gas-Measuring Instruments Section, Na- 
tional Bureau of Standards. Member A.S.M.E. Mr. Bean received 
the degree of bachelor of science in mechanical engineering from the 
University of California in 1917. He joined the staff of the Bureau 
of Standards in November, 1917, and was assigned to his present 
position in July, 1920. During 1926 to 1929 he directed tests on 
orifice meters conducted by the American Gas Association. At the 
present time he is coordinating the tests on flow nozzles, being spon- 
sored by the A.S.M.E. Special Research Committee on Fluid Meters. 

? Assistant Professor of Mechanical Engineering, Ohio State 
University. Mem. A.S.M.E. Mr. Beitler received the degree of 
bachelor of mechanical engineering at Ohio State in 1920. In 1920- 
1921 he served as apprentice engineer with the Whiting Corporation 
of Harvey, Ill. Since 1921 he has been at Ohio State University as 
assistant and instructor in mechanical engineering. From February, 
1927, to date he has been consulting research engineer for the Bailey 
Meter Company, Cleveland, Ohio. 

° “Research on Flow Nozzles,”’ by H. S. Bean, Mechanical Engi- 
neering, vol. 59, July, 1937, pp. 500-502. 

‘ ‘“Determining Flow Nozzle Contours at National Bureau of 
1 


en by F. C. Morey, Instruments, vol. 10, June, 1937, p. 


diameter ratio of 0.3 to 0.8, inclusive, by even steps. In addition, 
there is a pair of holding rings between which the nozzles may be 
held, and which provide ring slits and connections for corner 
pressure measurements, Fig. 1 shows these rings and a nozzle 
which can be mounted as a unit between standard pipe flanges. 

In making the tests on these I.S.A. nozzles, differential pres- 
sures were measured from the corner connections and also from 
a pair of pipe-wall taps located 1 pipe diameter upstream and 1.2 
in. downstream from the inlet face of the nozzle flange. The 
differential pressures ranged from about 0.1 in. to about 600 in. 
of water. 

The general procedure of making tests and the equipment which 
is used have been described in previous papers®*? with the excep- 
tion of two new pieces of apparatus. These will be described 
briefly. 

Previously, for measuring high differential pressures, a simple 
U-type mercury manometer of relatively small-bore glass tubing 
had been used. This manometer was not easy to read as it was 
very sensitive to pipe turbulence, and the results obtained with 
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it were irregular. An attempt to read both columns simulta- 
neously by a photographic method was unsuccessful. Therefore, 
& new mercury manometer was made with one leg made of glass 


§“The Flow of Fluids Through Orifices in Six-Inch Pipes,’’ by 
8S. R. Beitler and Paul Bucher, Trans. A.S.M.E., vol. 52, part 1, 
1930, paper HY D-52-7a, pp. 77-87. 

6 “Determination of Discharge Coefficients of Sharp-Edge Orifices 
in Pipes of From 1 In. to 14-In. in Diameter,” by S. R. Beitler, 
Instruments, vol. 7, January, 1934, p. 3. 

7 “The Flow of Water Through Orifices,”” by S. R. Beitler, Bulletin 
No. 89, The Engineering Experiment Station, Ohio State University, 
vol. 4, No. 3, May, 1935. 
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tubing of 0.4 in. inside diameter and the other made of steel 
pipe of 4.0 in. inside diameter. When equipped with a properly 
graduated scale this manometer is easy to read, and the results 
obtained with it are much more consistent than those which 
were obtained with the U-type mercury manometer just men- 
tioned. 

For use on the other end of the differential-pressure range 
there was built the differential hook gage shown in Fig. 2. Be- 
sides providing a reliable means for reading differential pressures 
of only a few hundredths of an inch, this gage may be used under 
static (line) pressures as high as 400 Ib per sq in. The “tubes” 


Fic. 2. MicrRoMETER MANOMETER USED aT OHIO STATE UNIVERSITY 


To WITHSTAND HicH LINE PRESSURES 


or pressure chambers are made from stainless-steel blocks ma- 
chined out to provide chambers of circular section about 1.5 in. in 
diameter. The two open sides of these chambers are covered 
with plates of cast glass about !/2 in. thick. Rubber gaskets are 
used between the steel and glass and the clamping plates. Small 
rods with pointed ends extend from within the chambers through 
packing glands in the base of each chamber. One of the rods is 
attached rigidly to a yoke beneath the chamber. The other rod 
is longer and is threaded through the yoke, so that the vertical 
distance between the pointed ends of the rods may be varied. A 
scale and divided head on the threaded rod are provided for read- 
ing this distance. The yoke can be moved through about 4 in. by 
a screw adjustment so as to permit adjustment of the position of 
the first rod. The pressure connections to which the pressure 
tubing from the meter runs are attached in the bottoms of the 
chambers. In the tops of the chambers there are small connec- 
tions through which air pressure may be applied to bring the sur- 
faces of the water in the chambers to a convenient elevation for 
observing. 

In the first series of tests made at Ohio State University on the 
six I.S.A. nozzles, the nozzles were mounted between sections of 
commercial steel pipe. When the results of these tests were com- 
pared with those from earlier tests by the Bailey Meter Company 
on the same nozzles, there was close agreement for the nozzles of 
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small diameter ratio, but the results were quite different for the 
larger nozzles. 

In the tests which the Bailey Meter Company had made, the 
nozzles were mounted between sections of cold-drawn brass pipe. 
Therefore, it was natural to conclude that the difference in the 
results was probably due to the difference in the smoothness of 
the inside surfaces of the steel and brass pipes. 

It seemed worth while to obtain the sections of brass pipe used 
by the Bailey Meter Company and to make a second series of 
tests. The results from the two series of tests made at Ohio 
State University are shown in Figs. 3 and 4. Those shown in 
Fig. 3 are for corner pressure connections, which are standard 
with I.S8.A. nozzles. Those shown in Fig. 4 were obtained with 
pipe-wall taps, such as are commonly used with long-radius 
nozzles. 

Comparing the curves obtained with the two pipes, as shown 
in Fig. 3, it will be seen that for the nozzles of 0.30 and 0.40 
diameter ratios there is almost no difference. For the nozzle of 
8 = 0.50 the curve with the steel pipe is about 0.5 per cent higher. 
For 8 = 0.60, the difference is about 1 per cent, while for the two 
largest nozzles the difference is well over 1 per cent. 

It may be noted that the results shown here for the brass pipe 
agree very well with those reported by the Bailey Meter Com- 
pany, except for a few apparently systematic differences. It is 
difficult to see how these differences can be due to installation 
conditions because not only were the same nozzles and sections 
of pipe used, but these are equipped with dowels to insure the 
same alignment. 

As shown in Fig. 4, a very different result is obtained when 
pipe-wall taps are used. For these taps, it appears that with 
commercial steel pipe the coefficients are lower. This may have 
been due partly to the fact that the downstream tap was almost 
in the plane of the outlet end of the nozzles. 

From the results shown in Figs. 3 and 4 it is concluded that a 
slightly rough pipe surface has two effects upon the coefficients of 
1.S.A. type nozzles. These effects are of different direction and 
magnitude. 

The first effect of a rough pipe surface is to decrease the rate 
of flow through the nozzle corresponding to a given differential. 
It is indicated by the coefficients obtained with pipe-wali taps 
being slightly lower for the rough pipe than the smooth pipe, and 
is probably due to the greater turbulence set up by the rough 
approach conditions. This effect was observed with the I.S.A. 
nozzles only when the diameter ratio is greater than 0.6. 

The second effect is to decrease the differential pressure for 
when corner taps are used the rougher pipe surface appears to 
reduce the pressure observed from the upstream tap. With a 
smooth pipe this corner pressure is considerably higher than that 
measured at a pipe-wall tap (1 pipe diameter or less upstream) 
because of the “build-up” in the corner due to the inertia of the 
flowing fluid. The build-up is decreased very noticeably when the 
upstream pipe is rough. Therefore, for a given rate of flow the 
differential pressure between corner taps is lower for rough pipe 
than for smooth pipe. 

Thus, with these I.S.A. nozzles, it appears that the discharge 
coefficients obtained with corner taps are lower for rough pipe 
than for smooth pipe, while those obtained with pipe-wall taps 
are higher for the rough pipe than for smooth pipe. This indi- 
cates that the condition of the pipe surface has a greater effect 
upon the upstream pressure obtained at the corner tap than on 
the rate of flow due to increased turbulence. 

Because of these effects, particular care must be taken when 
using this type nozzle to inspect carefully the condition of the 
upstream piping and then to adjust the coefficient to compen- 
sate for the condition of the piping. 

A comparison of the curves for the corner taps has been made 


Bi, 2 
3 
» 
¥ 
‘ 
4 
‘ 
Ay 


RP-60-3 BEAN, 
td Steel Pipe ra 
= 
-++- 
Ht 
{ 


SER | 
| | =\50 | 
; | 
tia 
— — 
wes = 
co 
| | 


Joo 0 
Rpin 1000% 


BEITLER—RESEARCH ON FLOW NOZZLES 


237 


with the curve for values of the coefficients taken from the 1935 
edition of the V.D.I. standards for fluid measurement. These 
V.D.1. curves are supposed to give the coefficient within certain 
tolerance limits set up in this standard. This tolerance is 0.5 
per cent for small nozzles and increases to 1.3 per cent for the 80 
per cent nozzle for the flat part of the curve, and 1.5 per cent for 
the curved part of all curves. The tested nozzles fall within this 
range only for the smallest and the largest nozzles, the rest hav- 
ing a greater difference due to the fact that the value of the 
coefficient for the higher Reynolds numbers is not constant. In 
all cases, except that of the high-diameter-ratio nozzle, the value 
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C SeRae a This increase in the value of C was also observed in tests by the 
Bailey Meter Company. 
Ts | TT (B) Effect of Small Changes in Pipe Size on the Coefficients of 

60 Long-Radius Nozzles. In preparing the test equipment at Ohio 

7 ‘a me i State University for the tests using steam as the calibrating fluid 

és it was found desirable to use tubing with a thicker wall than that 
~ ote of standard pipe. The only thick-walled pipe available had an 

97 =L70 inside diameter of 2.86 in. Since the nozzles had been designed 
for a pipe diameter of 3.06 in., there was some question as to 
whether or not these nozzles could be used in the smaller pipe. 

96 a | This was especially true for the nozzles of the larger diameter 

97 : ¥ ratios since with these the nozzle curve starts at the wall of the 
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pipe and those designed for a larger pipe would have an annular 
gap of wedge-shaped section between the face of the inlet flange 
and the nozzle flange. The depth and width of this space will 
vary from nozzle to nozzle. In order to determine the effect of 
this ring, some of the nozzles were tested in brass pipe of standard 
diameter and then in the smaller-diameter tube. This tube was 
seamless hot-drawn steel tubing and had a very smooth inside 
surface. 

The results of these tests with the two pipes are shown in Fig. 
5. Unfortunately the brass pipe was sent away before all of the 
nozzles had been tested in it. However, except for the largest 
nozzle, there does not seem to be any significant difference in the 
coefficients with the two sizes of pipe more than may be accounted 
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Fic. 6 From Tests oF Nozze No. 3.262.1 SHOWING THE 
EFFEcT OF DEPOSITS ON THE NOZZLE 


for by the slight difference in the diameter ratios with the two 
pipes. With the largest nozzle in the extra-heavy pipe the width 
of the annular space between the inside of the pipe and the out- 
side of the nozzle throat may have been so small as to affect the 
value of the coefficient. When the brass pipe can be obtained 
again it is planned to complete these tests in order to verify, if 
possible, the indication that changes of as much as 7 per cent in 
pipe diameter do not affect the nozzle coefficients, except as the 
coefficients change with diameter ratio. 

(C) Effects of Deposits on Nozzles. While some tests were 
being made for the committee at the University of California, it 
was reported that two nozzles appeared badly corroded after 
being in the test line a few days, but no definite cause for such 
corroding was given. However, the nozzles were cleaned and 
the tests on them completed. 

Later, at the National Bureau of Standards, the effects of a 
deposit on a nozzle were observed quite unexpectedly. Early in 
January, 1937, nozzle No. 3.262.1 was installed in a 4-in. test 
line and a series of 10 runs was made on January 13. As shown 
in Fig. 6, the results of these runs determine a very regular curve. 
The only points that deviated from the smooth curve were those 
at very low or a Reynolds number, that is, below 20,000. 

During the next six weeks other activities of both our own men 
and of other groups using the hydraulic laboratory prevented 
the making of more than a few tests atatime. Altogether about 
20 runs were made during this period. To avoid confusion these 
results are not shown in Fig. 6, but it may be noted that they 
scattered irregularly from the first series, and suggested that 
possibly a change had taken place in the condition of the pipe or 
nozzle. 

On February 25 and 26, another series of tests was made over 
the same range of flows as that covered by the first series. As 
shown in Fig. 6 the results of these tests gave a very regular 
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curve, but one which is definitely different from the first. At the 
higher rates this difference is more than 1 per cent. 

Upon removing the nozzle from the line after these last tests, 
it was found that both inner and outer surfaces were coated with 
sand-colored particles about the size of sugar grains. By a little 
experimenting it was found that this deposit could be removed by 
washing with dilute hydrochloric acid with an accompanying 
effervescence. It was concluded from this that the deposit was 
calcium carbonate. 

Fig. 7 shows the general appearance of the nozzle after a small 
area near the mouth had been cleaned with acid, and Fig. 8 shows 
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a smaller area of the outer surface of the throat magnified about 
10 diameters. 

It is important to state that water remained in the test pipe 
continuously during the entire seven or eight weeks the nozzle was 
in the line. Also, in making the tests, the water was drawn from 
the city mains or from the laboratory storage cistern according 
to whether or not the test was made at a low or high rate of flow. 

The next nozzle placed in the line at the National Bureau of 
Standards was No. 4.200.3, and the first series of tests with pipe- 
wall taps was made on March 17. It was a week later before this 
series of tests was extended to the full capacity of the system. 
The results from these tests are shown by curve 1 in Fig. 9. 
The test points are not shown in this figure to avoid confusion. 

Between April 2 and 8 a second group of tests was made, which, 
by neglecting 3 rather high values, gave a curve somewhat dif- 
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ferent from the former one; this is curve 2 in Fig. 9. Although 
this difference is, for the most part, opposite to that shown with 
the previous nozzle, there was some question as to whether it was 
due to a change in the condition of the nozzle surface, or to the 
ordinary uncertainties in laboratory work. Accordingly, the 
nozzle was removed and carefully examined. It was only in 
a certain light that any indication of a deposit could be ob- 
served. Nevertheless, the nozzle was carefully cleaned before 
being replaced in the line. This was followed by a series of tests 
on April 12. Three days later the nozzle was again inspected 
but not cleaned, and 8 more tests made. Curve 3 in Fig. 9 rep- 
resents the tests made on the last two days. 

The difference between the two curves shown in Fig. 6 for 
nozzle No. 3.262.1 is undoubtedly due to the deposit on the 
nozzle surface. On the other hand, it is questionable if any of 
the differences between the curves of Fig. 9 can be considered 
as due to deposit. It will be noted that curve 2 is the highest 
although it is based on the tests most likely affected by a deposit 
on the nozzle. 

It was suggested that the deposit of calcium carbonate on 
nozzle No. 3.262.1 was due to an excess of calcium absorbed from 
the walls of the hydraulic-laboratory cistern. Accordingly, the 
chemistry division was asked to make a comparative analysis of 
water from the cistern and from the city water supply. The 
result of this analysis is given in Table 1. The difference between 


TABLE 1 ANALYSIS OF WATER FROM THE HYDRAULIC- 
LABORATORY CISTERN AND DISTRICT WATER SUPPLY 


Sample Cistern Tap water 
Total dissolved solids dried at 180 C, parts per 
Calcium, parts per million................-.-5+: 26 24 


these two sources is not enough to permit one to say that the 
deposit on the nozzle came from one rather than the other. 
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It may be noted, further, that at no time has a calcium- 
carbonate deposit been observed on the inner surface of any of 
the pipe. However, the sections of pipe adjacent to the nozzle- 
holding flanges are seamless steel, and the flanges are cast iron. 
These tend to rust over rather quickly and it is necessary to clean 
them frequently with a wire brush. 


EXPANSION Factors WHEN METERING STEAM 


When metering an expansible fluid with any form of head 
meter, and computing the rate of flow with the familiar hydraulic 
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formula, it is necessary to include in the formula a so-called 
“expansion” factor to correct for the expansion of the fluid as it 
passes through the differential-pressure producer. For nozzles 
this has usually been obtained by calculating the flow with the 
adiabatic formula and also with the hydraulic formula and divid- 
ing the one by the other. In the Fluid Meters Report this quo- 
tient is termed the adiabatic expansion factor and is designated by 
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¢.8 This method of obtaining the expansion factor, since it is 
merely a calculation, gives rise to the question of how closely the 
calculated factor takes account of the actual expansion of the 
fluid. An attempt is made here to answer this with the limited 
test data available at present. 

Briefly, the procedure for doing this is as follows: First, each 
nozzle is calibrated with water, and from the results a curve of 
the coefficient versus Reynolds’ number is plotted. Next the 
nozzles are again calibrated in the same pipe, but this time with 
steam. The rate of flow is calculated by using the hydraulic 
formula, the density of the steam being determined from the 
pressure and temperature at the inlet pressure tap. The coeffi- 
cient then obtained with steam is divided by the one for the same 
Reynolds number read from the curve determined with water. 
The quotient is the expansion factor, since it represents the effect 
of the expansion of the steam. These tests are being made at 
Ohio State University. 
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Fic. 13 REPRESENTATION OF QUANTITIES USED IN ANALYZING AND 
REPORTING RESULTS OF PRESSURE-GRADIENT TESTS 


Figs. 10, 11, and 12 show the values of the expansion factor 
obtained in this manner with three nozzles. In these figures 
the experimentally determined values have been plotted against 
the ratio of the differential pressure to the upstream absolute 
pressure. The lines represent the theoretical or adiabatic 
expansion factor ¢. 

A study of these curves shows that for nozzles having diameter 
ratios of 27 per cent and 75 per cent the line fits the points as 
closely as any other line which might be drawn. The points for 
the nozzle having a diameter ratio of 53 per cent seem to indi- 
cate that the curve should be parallel and about 0.25 per cent 
below the theoretical value except at very small values of (p; — 
p2)/pi. There have not been enough data taken to check the 
cause of this discrepancy, but it may be due to a number of 
causes. 

It will be noticed that there is considerable spread to the points 


8‘*Fluid Meters, Their Theory and Application,’’ A.S.M.E. Re- 
search publication, THE AMERICAN Society or MECHANICAL ENGI- 
NEERS, 29 West 39th Street, New York, N. Y., fourth edition, 
1937, part 1, paragraph 152, p. 47. 
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for the smaller-diameter-ratio nozzle, but that the results for the 
larger nozzles do not show this spread. This is probably due to 
the fact that the flow is so small for the small nozzle that the tem- 
perature and quantity measurements become relatively inac- 
curate. 

As indicated previously, these tests are still in progress and the 
results presented here are only preliminary. Also, it may be of 
interest to note that in the tests with steam, the steam is con- 
densed and the actual rate of flow obtained by weighing the 
amount of condensate obtained in a measured interval of time. 


PRESSURE-GRADIENT TESTS AND PrRESSURE-TAP LOCATIONS 


(A) Comparison of Test Results. While the committee was 
working on some of the preliminary details of its nozzle-research 
program, the Bailey Meter Company, under the direction of 
R. E. Sprenkle, made some tests to observe the variations of the 
pressure along the wall of a pipe close to the inlet and outlet 
faces of a nozzle flange. The primary object of these tests was to 
obtain data which could be used as a guide in specifying tentative 
locations for pipe-wall taps, particularly on the outlet side of a 
nozzle. These tests were made with water in 3-in. and 6-in. 
pipe. The tests with the 3-in. pipe were very complete. Pres- 
sures were observed from more than a pipe diameter upstream to 
5 or 6 pipe diameters downstream, and pressure-gradient data 
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Fig. 14 AveRAGE RESULTS OF PRESSURE-GRADIENT TESTS ON 
Two Lona-Rapius NozzLes BY THE METER CoMPANY 


were taken on four long-radius nozzles and five I.S.A. nozzles. 
With the 6-in. pipe, pressures were observed only on the outlet 
side of the nozzles, of which six long-radius nozzles were used. 
Before discussing the results of Mr. Sprenkle’s test, the manner 
in which the pressure-gradient data are to be presented will be 
explained. The upper part of Fig. 13 represents diagram- 
matically the installation of a nozzle in a pipe line with several 
pressure openings in the pipe wall on each side of the nozzle 
flange. In the lower part of Fig. 13, the curve ABC represents, 
qualitatively, the static pressure as measured from holes in the 
wall of the pipe on the upstream side of the nozzle. Similarly 
the curve DEF represents the observed static pressure on the 
downstream side of the nozzle flange. The notation used in re- 
ducing and comparing the observations is also shown in Fig. 13. 
For each test the value of (p;) min is found by inspection of the 
test data, and the values of 6, = p; — (p,)min computed for each 
of the pressures observed on the inlet side of the nozzle. In 
like manner the values of 5: = p2— (p2)min are computed for the 
pressures observed on the downstream side. The next step is to 
express these values of 6, and 4: as percentages of the pressure 
difference, (p;)min D — D (p2) min D = DA. With these values of 
100 (5/A) the results of several tests on the same nozzle 
and also those on several different nozzles may be compared 
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easily. One advantage of this basis of comparison is that the 
same ordinate scale may be used for both upstream and down- 
stream portions of the pressure-gradient curve. Another advan- 
tage, especially when the tests are made with water, and there 
is no expansion effect superimposed on the pressure gradient, is 
that the value of 100 (6/ A) for any one pressure tap is independ- 
ent of the rate of flow, within the limits of usual observations. 
This means that for any one nozzle the values of 100 (6/ A) for 
several runs may be averaged and one curve for this average will 
represent all of the data. However, since there will be small 
variations between individual runs, and the point of minimum 
variation may not always be observed at the same tap, the 
average may never reach zero at any tap. 

Had the same size of pipe been used in all of the pressure- 
gradient tests the abscissa scale could be in inches or any other 
convenient linear unit. However, different sizes of pipes have 
been used and in order to compare all of the results directly it is 
desirable to use a scale which is independent of size. This may 
be achieved by expressing the pressure-tap locations in terms of 
the pipe diameter or the nozzle diameter. The special advantage 
of the latter ratio is that on the downstream side the outlet end 
of each nozzle will be at 1.0, but it is not so convenient as a basis 
for specifying a pressure-tap location. 

Returning to the pressure-gradient tests by Mr. Sprenkle, the 
results were first plotted against pressure-tap locations in inches, 
as shown for two nozzles in Fig. 14. With all of the long-radius 
nozzles it was noticed that from a plane about 1.5 in. back (that 
is, toward the flange) from the outlet end of the nozzle on to as 
near the flange as the pressures were taken the curve is practically 
flat. It was on this observation that we based the tentative 
recommendation, as previously given in Mechanical Engineering,* 
that for pipe-wall taps the outlet tap should be located 1.5 in. or 
more back of the outlet end of a nozzle. 

This recommendation is not altogether satisfactory, although 
if the pipes and nozzles are large enough it can be met. In the 
first place, compliance with it may require changing the tap 
location when more than one nozzle is to be used in a given line, 
particularly if there will be much difference in the sizes of the 
nozzles. Another and more important objection is that with 
many of the smaller nozzles the total length of the nozzles is not 
sufficient to permit complying with this requirement. 

A part of the results of pressure-gradient tests made at the 
National Bureau of Standards on six long-radius nozzles in a 
4-in. pipe are shown in Fig. 15. It is not possible to show the 
higher values of 100(5/ A) on a scale sufficiently open for use with 
the lower values. However, the complete results from the pres- 
sure-gradient tests at the Bailey Meter Company, the National Bu- 
reau of Standards, and the University of Pennsylvania are given 
in Tables 2 to 6, inclusive. In these tables as well as in Figs. 
14 and 15 the pressure-tap locations are referred to the inlet face 
of the nozzle flange. 

As with orifices, the pressure build-up very close to and in the 
upstream corner increases very rapidly with increasing values of 
8. It is evident from this why the pressure differential observed 
with corner taps is so much more than that observed where the 
upstream tap is located a pipe diameter away. Due to this very 
rapid build-up, the observed pressure will be very much affected 
by the width of the corner pressure slot or the diameter of the 
corner tap hole. It is of interest also that while the position of 
the minimum static pressure on the inlet side varies from 1.5 to 
0.5 pipe diameter, the average position will be only slightly less 
than one pipe diameter upstream. 

On the downstream side the initial values of 100(5/ A) increase 
rather regularly with increasing values of 8 up to about 8 = 
0.75. Above this value the change is irregular. In this respect 
it is to be remembered that, with large values of 8, the width of 
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the annular space between the outside of the nozzle and the inner 
surface of the pipe becomes very small. Therefore, pressures 
observed from taps located in this region are subject to more un- 
certainty than with the smaller nozzles. 

(B) Locations for Pressure Taps. In practically all of the 
pressure-gradient tests, the minimum static pressure observed 
on the upstream or inlet side of the nozzle was at about one pipe 
diameter from the inlet face of the nozzle. The rate of change 
in the pressure for a short distance on either side of this point is 
not very rapid with any nozzle. Hence, we may very well con- 
tinue to locate the upstream pressure tap one pipe diameter above 
the inlet face of the nozzle, or from the face of the pipe flange. 
The difference in the positions of these two faces is only the thick- 
ness of the gasket, and this generally is small enough, relatively, 
so that it may be neglected. 

Considering Fig. 15 and Tables 2 to 6, inclusive, for guidance 
in locating the downstream or outlet pressure tap, it is evident 
that the selection of the point of minimum static pressure will be 
subject to several objections. In the first place, it cannot be 
claimed that these tests have established the location of this 
position for the different diameter ratios with more than a fair 
degree of certainty. Also, all of the tests reported here were made 
with water, and, if an expansible fluid were used, somewhat dif- 
ferent locations would be observed, depending upon the degree 
of expansion through the nozzle. Again, the pressure changes 
very abruptly, particularly on the downstream side of the mini- 
mum point so that small errors in properly locating the pressure 
hole might result in large changes of the nozzle coefficient. 
Another disadvantage of this location would be met in installa- 
tions where more than one size of nozzle might be used, in that it 
might be necessary to provide more than one pressure tap. 

It is needless to consider any location further downstream, be- 
cause it would be necessary to go five to six pipe diameters from 
the nozzle flange to be beyond the region of rapidly changing 
pressure. This would not only add unnecessarily to the over-all 
length of the installation but the principal advantage of the 
nozzle as a differential-pressure producer would be lost. 

Therefore, it seems desirable to select a pressure-tap location 
somewhere between the downstream minimum and the flange 
corner, both inclusive. This location should meet the following 
requirements: It should be in a region where the pressure does 
not change rapidly; and it should depend upon only one element 
of size. 

The downstream flange corner would satisfy these two re- 
quirements, but it is subject to at least two objections. As was 
mentioned before, with the larger-diameter-ratio nozzle, the 
annular space between the nozzle and pipe may be very narrow, 
if not actually closed. Hence, in these cases the observed pres- 
sures would be rather unreliable if they could be measured at all. 
Furthermore, the use of a circumferential slit will usually reduce 
the width of gasket that may be used, and this may be objection- 
able in some high-pressure lines. 

It will be observed from Fig. 15 that within the region from 
0.4 to 0.8 pipe diameter downstream from the inlet face of the 
nozzle, the 0.86-ratio nozzle is the only one for which the pressure 
gradient shows a change of more than 0.5 per cent. Hence, if a 
location near the center of this region is selected, an error in locat- 
ing the hole, even if as much as 0.1 pipe diameter, will not cause 
the differential pressure actually observed to differ more than 
0.2 per cent from that which would be observed at the correct 
tap location. The effect of this on the computed rate cf flow 
would not exceed about 0.1 per cent, which is well below the 
limit of most commercial work, and of much acceptance-test 
work, 

In Fig. 15 the zero of the abscissa scale is the plane of the 
inlet or upstream face of the nozzle flange, and the flange thick- 
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TABLE 2 
OZZLES 


Nozzle length: 


Pipe diameter.. 0.71 
Location of 


flange plus the gasket = 0.313 in. 


OZZLES 


Diameter ratio... 0.3055 0.443 


Nozzle length: 
4.960 5.260 
Pipe diameters. 0.816 0.866 


Location of 


nozzle flange plus gasket = 0. 


1 pipe diameter upstream. 


pipe diameters _———Average values of 100 (8/A) 


© Tests made by the Bailey Meter Company. 
31 in. = 0.05 pipe diameter. 
were made at the outlet side only. A was determined from a pressure tap 


DIENT TES 
IN 3-IN. PIPE? 


TS OF LONG-RADIUS 
Diameter ratio...... 0.40 0.500 0.600 0.700 


2.13 2.450 2.630 2.810 


0.817 0.877 0.947 


= 0.104 pipe diameter. 


IN 6-IN. PIP 
5 0.5503 0.6718 


5.250 4.970 6.340 
0.864 0.818 1.043 


tap, pi 

—————Average values of 100(8/ A) 
0.24 0.86 1.20 1.54 1.92 1.34 
0.34 0.86 1.20 1.48 1.92 1.32 
0.44 0.86 1.19 1.48 1.92 1.31 
0.55 0.86 1.14 1.47 1.86 1.28 
0.65 0.74 1.38 1.72 
0.75 0.68 1.02 1.28 1.60 1.22 
0.85 0.61 1.02 1.15 1.48 1.19 
0.91 0.50 0.88 0.98 1.15 1.10 
1.05 0.46 0.84 0.86 1.02 1.02 
1.16 0.37 0.74 0.72 0.78 0.87 
1.36 0.25 Bava 0.51 0.0 0.29 
1.56 0.08 0.34 0.00 5.60 0.02 
0.02 0.02 1.12 10.60 
1.86 0.23 rr 
2.04 1.48 


Inlet: 
1.500 0.23 0.54 0.11 0.49 
1.000 0.34 0.42 0.07 0.29 
0.820 0.15 0.22 0.04 0.48 
0.670 0.15 0.33 0.20 0.19 
0.520 0.21 0.31 0.20 0.00 
0.400 0.38 0.31 0.57 0.36 
0.330 0.47 0.51 0.82 0.76 
0.270 0.47 0.75 1.15 1.28 
0.200 0.71 1.07 2.78 
0.130 1.01 1.37 2.53 4.09 
0.075 1.07 1.99 3.31 5.91 
0.055 1.22 2.16 3.57 5.83 
0.030 1.25 2.39 3.74 6.67 
0.010 1.52 2.57 4.25 8.16 
Outlet: 
0.129 1.47 1.87 2.24 2.12 
0.144 1.53 1.87 2.24 2.12 
0.159 1.51 1.88 2.24 2.12 
0.179 1.53 1.87 2.24 2.12 
0.239 1.55 1.88 2.24 2.13 
0.305 1.46 1.82 2.24 2.13 
0.375 1.34 aes 2.23 2.13 
0.434 1.31 1.68 2.23 2.12 
0.514 1.23 1.63 2.23 3.11 
0.654 1.09 1.59 2.17 2.11 
0.730 0.93 2.07 
0.780 0.86 1.55 2.08 2.03 
0.860 0.74 5 2.00 2.06 
0.940 0.61 0.96 1.76 1.95 
1.040 0.53 0.75 1.37 1.78 
1.210 0.44 0.56 1.29 1.70 
1.310 0.30 ra 1.22 1.41 
1.410 0.19 0.15 Bey 1.33 
1.510 0.04 ; 0.86 0.99 
1.610 0.00 0.00 0.25 0.47 
1.710 0.26 0.60 0.00 0.00 
1.910 2.18 4.09 3.12 2.23 
2.110 4.96 9.30 11.00 14.30 
3.100 19.50 29.70 40.10 54.20 
4.100 26.60 38.70 49.20 61.00 
5.100 28.60 41.40 52.60 63.40 
6.100 28.90 42.00 52.90 63 .30 


@ Tests made by the Bailey Meter Company. Average thickness of nozzle 


0.7327 0.7794 


5.350 
0.881 
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Average thickness of 
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TABLE 3 PRESSURE- ON LS.A. NOZZLES IN 


3-I 

Diameter ratio.... 0.400 0.500 0.6006 0.700 0.800 

Nozzle length: 
eee ET 0.740 0.920 1.110 1.290 1.480 
Pipe diameter... 0.242 0.301 0.363 0.422 0.484 

Location of 

tap, pipe 

diameters — Average values of 100(8/ 4) —-—-——-—- 

Inlet: 
1.500 0.00 0.09 0.08 0.61 1.34 
1.000 0.19 0.00 0.11 0.26 0.55 
0.830 0.1) 0.14 0.00 0.18 0.70 
0.680 0.25 0.00 0.17 0.00 0.00 
0.530 0.34 0.22 0.22 0.12 0.47 
0.400 0.50 0.63 0.53 0.97 2.07 
0.340 0.52 0.83 0.94 1.34 2.21 
0.280 0.62 1.45 1.38 2.12 2.64 
0.200 0.80 1.83 2.67 3.31 4.02 
0.140 1.01 2.18 4.18 5.70 7.23 
0.080 0.98 2.63 5.31 8.56 13.80 
0.060 1.20 2.71 5.33 9.12 15.80 
0.040 0.92 2.88 5.53 9.95 18 80 
0.020 1.06 3.09 6.32 11.10 21.70 

Outlet: 
0.097 1.40 1.92 2.59 3.58 4.57 
0.120 1.35 1.84 2.58 3.59 4.48 
0.136 1.30 1.73 2.52 3.39 4.10 
0.156 1.23 1.62 2.70 3.18 3.81 
0.220 1.07 1.36 2.21 2.95 3.56 
0.290 0.92 1.14 1.80 2.77 3.47 
0.350 0.76 0.97 1.51 2.23 3.21 
0.420 0.62 0.85 1.20 1.71 3.08 
0.480 0.53 0.75 1.00 1.46 2.70 
0.610 0.47 0.58 0.64 0.96 1 76 
0.690 0.42 0.47 0.44 
0.750 0.43 0.34 0.22 0.00 0 59 
0.790 0.16 2.88 
0.810 0.00 0.64 6.30 
0.910 0.18 0.00 0.22 4.84 21.7 
1.080 0.00 0.34 4.08 17.10 47.00 
1.580 3.52 9.44 25.20 45.50 69.30 
2.100 11.60 21.30 37.20 56.10 72.70 
3.100 23.30 34.90 48.70 62.30 74.10 
4.100 27.40 39.90 52.60 64.30 74.40 
5.100 28.10 41.10 52.60 64.80 74.00 
6.100 28.00 40.50 53.00 64.30 72.70 


® Tests made by the Bailey Meter Company. 


Except as otherwise noted, 


oe a thickness of nozzle flange plus gasket = 0.25 in. = 0.082 pipe 


vi ll thickness plus gasket = 0.58 in. 


TABLE 5 PRESSURE-GRADIENT ie LONG-RADIUS 


NOZZLE IN AN 8-IN, P 


Nozzle length: 


Values of 
0.97 


* Tests made at the University of Pennsylvania. Thickness of nozzle 
plus gasket = 0.687 in. = 0.0855 pipe diameter. Observations on outlet 
side only. A determined from a pressure tap 1 pipe diameter upstream. 
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~ 
> 
6.2460 
Location of 
diameters 
0.08 
0.33 0.87 
er 0.58 0.69 
0. 0.46 
0.16 
1. 0.00 
25.60 
4. 33.90 
5. 36.30 
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TABLE 6 PRESSURE-GRADIENT TESTS ON LONG-RADIUS NOZZLES IN 
4-IN. PIPE? 


Nozzle no......... 4.100.1 4.150.2 4.200.3 3.262.1 4.300.1 4.338.1 
Diameter ratio.... 0.2464 0.4931 0.646 0.739 0.8325 
Nozzle length: 
Inches..... 5930 52% 3.2000 2.105 3.800 9170 
Pipe diameters. . 3900 525 0.7900 0.519 0.937 9650 
Location of 
tap, pipe Average values of 100(8/ A)— 
diameters 


= 


— 


bobo bo bo bo bo 


ee 


7.2: 


2.88 9 2 28. 9 
13.6 27.90 48. 


® Tests made at the National Bureau of Standards. Average thickness of nozzle flange 
plus gasket = 0.56 in. = 0.138 pipe diameter. 
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2 
Pipe Diameters from Inlet Face of Nozzle Flange 


Fie. 15 Resutts From Pressure-Gravient Tests on Stx Lonc-Raptus Nozzues IN A 4-In. Pipe 
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4.350.1 
0.860 
4.112 
1.012 
Inlet: 3 
3.95 01 0.06 0.36 0.79 1.77 2.07 4.30 oa ee 
1.00 00 0.00 0.00 0.00 0.00 0.00 0.00 ere a 
0.28 07 0.20 0.47 1.62 1.22 3.36 
0.15 10 0.36 1.01 5.32 3.83 3.86 2.06 opie ere 
0.07 10 0.43 1.45 5.90 6.98 6.44 
0.05 11 0.47 1.74 6.34 7.58 8.46 
0.006 13 0.55 2.13 8.50 12.47 1.20 Oe 
Outlet: 
0.13 26 1.72 24 
0.21 05 1.64 89 
0.30 99 1.60 08 
0.38 93 1.58 90 
0.50 90 1.50 37 Serge. 
0.58 74 1.46 17 
0.70 0.28 63 1.30 13 
0.80 0.30 54 1.10 92 Leoeeet: 
0.92 0.20 49 0.95 84 
1.02 0.21 47 0.91 12 
1.12 0.14 41 0.80 00 
1.24 0.06 29 0.56 74 
1.36 0.01 14 0.25 06 14.20 29.90 Bae 
1.49 0.01 00 0.02 16 37.90 55.80 Sy. 
161 0.08 06 0.48 16.05 53.10 64.70 
1.86 7 335 35.60 64.30 68.40 
3.08 8.90 ) 60.40 70.20 71.40 
D, 
B=0.25 
ViLLL2 4 B-0.7 
D--- o B = 083 
B= 0.35 
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Fig.16 RELATION BETWEEN THE OVER-ALL PRESSURE LOSS AND THE 
AREA RaTIo 


ness represents from 0.08 to 0.13 pipe diameter, the average for the 
curves here being about 0.12. Thus, if on this scale we select as 
the outlet or downstream pipe-wall-tap location a distance of 
0.62 pipe diameter from the inlet face of the nozzle flange, it 
would be the same as specifying that the center of the tap shall 
be 0.5 pipe diameter from the face of the downstream pipe flange. 

Therefore, it is proposed that for use with long-radius flow 
nozzles the regular locations for pipe-wall taps shall be 1 pipe 
diameter upstream and 0.5 pipe diameter downstream, measured 
from the faces of the respective pipe flanges. In practice it may 
not always be possible to meet this 0.5-pipe-diameter location, but 
it has been pointed out that a variation of at least 0.1 pipe diame- 
ter will not appreciably affect the value of the nozzle coefficient. 

It may be noted that these are the same as the locations for 
radius taps with square-edged orifices. 

(C) Corrections to Discharge Coefficients for Pressure-Tap 
Locations. Another use which may be made of the pressure- 
gradient tests is that of calculating from the coefficients given 
for the basic tap locations the coefficients to be used with pressure 
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taps located elsewhere. To illustrate: Assume, that for a 
nozzle of 0.5 diameter ratio and the basic tap locations, the dis- 
charge coefficient is 0.990. It is desired to know the coefficient 
to be used with corner taps. From Fig. 15.it is seen that the 
pressure build-up on the inlet side will cause the corner-tap dif- 
ferential to be about 2.2 per cent greater than for the basic taps. 
The pressure change on the downstream side would decrease this 
differential about 0.2 per cent. Thus, the differential pressure 
with corner taps will be about +2.2 — 0.2 or +2.0 per cent 
greater than with the basic taps. Therefore, the coefficient to 
be used with the corner taps will be 0.99(1//1.02) = 0.9802. 
The data given in Tables 2 to 6, inclusive, may be used in a 
similar manner. 

In most of the tests that have been made for the committee, 
the upstream pressure tap has been at about 1 pipe diameter and 
the downstream tap has been within the 0.4 to 0.8 region of Fig. 
10. Therefore, no attempt has been made as yet to adjust the 
reported coefficient values for slight variations in the pressure- 
tap locations. Some slight adjustment of this kind may be found 
desirable later. 

(D) Over-All Pressure Loss. One more point of interest and 
usefulness to be gained from the pressure-gradient tests is the 
over-all pressure loss. The maximum value of 42 will be observed 
at the section at which the downstream maximum pressure 
occurs. Hence, the values of 1 — [(6:)max/ A] will be a measure 
of the total or over-all pressure loss expressed as a decimal fraction 
of the maximum differential pressure. In Fig. 16 the values of 
1 — [(62)max/ 4] are shown plotted against values of 8%. From 
this figure it appears that the maximum pressure recovery, ex- 
pressed as a decimal fraction of the maximum differential, is 
approximately equal to the area ratio. Or stated inversely, 
the over-all pressure loss produced with a flow nozzle, expressed 
as a decimal fraction of the maximum differential, is equal to the 
maximum reduction of section area produced by the nozzle ex- 
pressed as a fraction of the pipe area. It may be noted that 
this is the same as produced by a square-edged orifice.” 


9‘*Experiments on the Metering of Large Volumes of Air,"’ by 
H.S. Bean, M. E. Benesh, and E. Buckingham, Journal of Research, 
U. S. Bureau of Standards, RP. 335, vol. 7, July-December, 1931, 
pp. 93-145. 

10‘*Fluid Meters, Their Theory and Application,’’ A.S.M.E. Re- 
search Publication, THE AMERICAN Society OF MECHANICAL ENGI- 
NEERS, 29 West 39th Street, New York, N. Y., fourth edition, 1937 
part 1, Fig. 9, p. 35. 
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Thrust Bearings 


By F. C. LINN! ano R. SHEPPARD? 


This paper deals with film-lubricated thrust bearings 
manufactured by and used on machinery built by the 
company with which the authors are associated. It dis- 
cusses characteristics and presents test results. 


ROM a standpoint of thrust-bearing design, there are two 

fundamentally different types of prime movers in use, 

namely: (1) The vertical-shaft water-wheel generators 
which are massive, operate from low to moderate speeds, and 
have the weight of the rotating parts plus or minus the hydraulic 
thrust carried by the thrust bearing; (2) the horizontal-shaft 
steam turbines which operate from moderate to high speeds and 
where the thrust load increases from a small value at zero torque 
to high values at maximum torque. For the first type of machin- 
ery, the flexibly supported thrust bearing is used and for the 
latter, the tapered-land thrust bearing. There are also a large 
number of steam turbines in regular service today operating 
with “marine-type thrust bearings.” 


FLEXIBLY Supportep Turust BEARING? 


The flexibly supported thrust bearing used on water-wheel 
generators is simple in construction, occupies a minimum of 
space, is easy to assemble and service, has been built in diameters 
from 10 in. to 114 in., has been operated at speeds of from 50 
to 1200 rpm, has high load-carrying capacity, and is particularly 
adaptable to water-wheel generator service. It consists of a 
grooved rotating steel collar fastened rigidly to the shaft; a 
babbitt-faced stationary flexible steel plate with radial grooves, 
one of which is cut through the plate; and precompressed springs 
supporting the stationary plate. See Fig. 1. 

The lands on both the rotating collar and stationary plate are 
chamfered for a short distance at the grooves to form an entrance 
for feeding oil from the grooves onto the lands. Bath lubrication 
is generally supplied. 

The grooves, in addition to supplying fresh cool oil to the 
lands, also act as scavengers, both of hot oil and to some extent 
of foreign particles in the oil. The radial groove cut through 
the stationary plate is provided to avoid any possibility of dishing 
of the plate by temperature effects which would distort the uni- 
form loading of the bearing. 

The function of the flexible stationary plate and spring support 
is to permit the formation of alternate sections of converging and 


1 Turbine Engineering Department, River Works, General Electric 
Company, West Lynn, Mass. Mr. Linn was graduated from Stan- 
ford University in 1920 in mechanical engineering. He taught one 
year at the University of Illinois and has since been in the employ 
of his present concern. 

2 Turbine Engineering Department, General Electric Co., Schenec- 
tady, N. Y. 

3 “Spring Thrust Bearings and Cooling Coils on the Large Vertical 
Generators at Cedar Rapids Power Station,”” by T. W. Gordon, 
General Electric Review, Nov., 1919. 

Contributed by the A.S.M.E. Special Research Committee on 
Lubrication and presented at the Annual Meeting of THz AMERICAN 
Society or MECHANICAL ENGINEERS, held in New York, N. Y., De- 
cember 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


diverging oil film. The springs are precompressed by a con- 
struction which permits the desirable action of small amplitudes 
of motion for small variations in load. This gives an assembly 
of sufficient flexibility so that the principal resistance to defor- 
mation is in the stiffness of the plate itself. A study of the 
motion of the flexible plate shows that the oil film is thickest at 
the entering edge of the lands on the rotating collar, causing 
slight depressions of the stationary plate, which take the form of 
waves, each following a rotating groove. These waves are con- 
tinuous over the plate even at the radial saw cut but of different 
magnitude. The oscillograph record, Fig. 2, shows the motion 
of the flexible stationary plate during operation at normal speed. 
In this bearing, the stationary plate automatically assumes the 
most efficient form for the production of the oil film. Also, it 
adjusts itself for slight misalignment which might occur in in- 
stallation. The block on which the test bearing was mounted 
was lined up so as to have one side of the stationary plate 0.0015 
in. higher than the other relative to the rotating collar. This 
introduced an irregularity in the deflection characteristics during 
rotation, the stationary plate assuming a position slightly in- 
clined to the horizontal as can be seen from an inspection of Fig. 2. 
In spite of the misalignment the waves are essentially equal in 
area from one position to the other, showing automatic equaliza- 
tion of the local pressures. 

This bearing is particularly adapted for starting under heavy 
load. Tests show that low static friction is obtained, and this is 
due largely to the greasy film left on the surfaces of the bearing. 
A film of oil is obtained within a small portion of the first revolu- 
tion and is then maintained until after the unit stops. On 
reversing operation the film is maintained even at zero speed. 
Tests to determine the effect of speed and time upon the oil film, 
the results of which are shown in Fig. 3, definitely prove that a 
residual oil film is maintained for an instant at zero speed and 
that a thick film is maintained at all speeds. 

Although these bearings are designed for pressures not exceed- 
ing 450 Jb per sq in. under maximum load conditions, they have 
been tested to higher values without failure. 

These flexibly supported thrust bearings have been in use for a 
number of years with good operating records. Recent installa- 
tions of large bearings carrying loads in the neighborhood of 
2,000,000 lb are on the units for the Dnieprostroy plant in Russia 
and the Boulder Dam plant, and two 3,000,000-lb bearings are 
being installed at Bonneville Dam. 


TAPERED-LAND THRUST BEARING 


The tapered-land thrust bearing which has fixed converging 
surfaces such that a wedge of oil will exist between the rotating 
collar and the thrust plate, was developed for the first 10,000-kw 
3600-rpm turbine generator set built by the General Electric 
Company and has since been applied on all types of turbine 
units, and is now standard. 

The theory of using converging surfaces between a moving and 
stationary member to produce and.maintain an oil film which 
will support heavy loads was originally presented by Osborne 
Reynolds and has long been established. Thrust bearings with 
fixed tapers have previously been used from time to time. Suc- 
cessful operations of the tapered-land thrust bearing may be 
largely attributed to the uniform accuracy produced by special 
tools used in machining the lands. 

The thrust load of a horizontal steam turbine is negligible 
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at no load and increases to a maximum at or near full load when 
at rated speed. This condition is ideal for the adaptation of 
the tapered-land thrust bearing since the bearing can be designed 
with proper dimensions and taper to carry the imposed load. 
The tapered-land thrust bearing is simple in construction, 
occupies little space, can be easily assembled and serviced, has 
high load-carrying capacity, has been used for a wide variety of 
speeds, and is particularly adaptable to steam-turbine service. 
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See Fig. 4. It consists of a collar A rigidly attached to the shaft | 
and two stationary babbitted plates. Ordinarily one of the plates = | 
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Fie. 6 MacuHINe For TEesTING TAPERED-LAND THrust BEARINGS 


is the loaded plate B and is machined with tapered lands and 
the other plate C with flat lands limits the end play. The housing 
for the thrust plates may be bolted to the end of the shaft journal 
bearing which is supported by a ball-seat mounting. In other 
cases, the housing for the thrust plates is separately mounted in a 
ball seat of its own. 

The collar has two working faces which do not have radial 
grooves in them, that is, they are continuous surfaces. The 


SECTION R-S 


SECTION O-P 
A 


SECTION M-N@® SECTION M-N (8) 


Fie. 5 Face anp Secrionat Views oF A TAPERED LAND AND OIL 
GROOVES 


loaded side usually has a greater diameter than does the unloaded 
side. See Fig. 4. The diameter of both sides is the same if 
there is the possibility of two-directional thrusts as in the case of 
double-flow turbines. 

The loaded thrust plate has a split steel ring with a babbitted 
face divided into lands by radial oil-feed grooves. The surface 
of each land is tapered, Fig. 5, so that it slopes relatively to and 
toward the rotating collar both in the direction of rotation, 
and from the inner to the outer radii at the leading edge of the 


land. A suitable approach curvature from the oil-feed grooves 
to the tapered surfaces is provided at the leading edge of the 
lands. Fig. 5 shows the constructional details of one of the lands 
of the loaded plate. The land is bounded by the four corners, 
A, B, C, and D. The points A and B at the trailing edge of 
the land are in a plane parallel to the collar; the point C is in 
a plane below points A and B, and the point D is in a plane below 
C. The dimension Q of sections R-S, and O-P shows that portion 
of the land which is made parallel to the surface of the collar 
and is very small on a steam turbine that rotates in one direction 
only. 

On reversing marine turbines, the flat portion of the land 
may occupy as much as one half the total land area and a suitable 
approach curvature from the oil-feed grooves is provided at 
both ends of the lands. The direction of thrust load may change 
with reversed rotation, so both plates are made with tapered 
lands and a relatively large proportion of the land is parallel to 
the runner. The tapers of the lands on the two plates are cut in 
opposite directions so as to have correct relationship to the runner 
during their respective directions of rotation. 

The unloaded thrust plate is generally the same as the loaded 
thrust plate in construction, except that the surfaces of the lands 
are parallel to the surface of the rotating collar. A suitable 
approach curvature from the oil-feed grooves to the surfaces of 
the lands is provided. 

Cooled oil is admitted under pressure to the radial oil-feed 
grooves in the thrust plates from whence it is carried over the 
surfaces of the lands by the rotating collar, thus forming a con- 
tinuous film of oil between the collar and plates. 

The radial oil-feed grooves are dammed at the outer ends when 
oil is fed from the inner radius as illustrated in Fig. 5, section 
M-N(A), and at both ends when oil is fed to the central portion 
of the grooves as illustrated in Fig. 5, section M-N(B), so as to 
maintain a pressure above atmosphere in the grooves. The 
oil, after leaving the thrust surfaces, is returned to the tank 
through the drain shown in Fig. 4. This drawing also shows 
the simplicity of construction and the small axial space required 
for this bearing. 

As previously stated, the tapered-land thrust bearing has been 
successful mainly because of the tools used in the manufacture 
of the plate with the tapered lands. After the two surfaces 
of the plate have been machined parallel and the radial grooves 
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milled, the plate is placed on a specially developed machining 
fixture on which the tapered surfaces are accurately duplicated. 

Design of Tapered Surfaces. The proper taper to give the 
desired load-carrying capacity at a given speed, absolute oil 
viscosity, and film thickness is determined by formulas based on 
Giimbel’s theory. See Appendix. The minimum film thickness 
to be used in design has been determined by test. Tests indicate 
that the minimum design clearance should not be the same for all 
thrust bearings but should be greater on large than on small 
bearings. A minimum clearance of 0.5 mil is satisfactory on the 
small high-speed (15,000 rpm) bearings whereas a minimum 
clearance of 1!/2 mils is necessary on larger bearings operated at 
lower speeds (1500 rpm). 

The calculated taper is for the mean radius of the lands. 
Tests have shown that best results are obtained when the taper, 
in mils, is least at the outer circumference and greatest at the 
inner circumference. The design of the taper of the lands is, 
therefore, the calculated value at the mean radius, a lesser amount 
at the outer radius and a greater amount at the inner radius, and 
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Fic. 7 Curves oF Power Loss Vs. Loap For A TAPERED-LAND 
Turvust BEARING aT 20,000 Rem 


(Outside diam, 17/s in.; inside diam, 1'/s in.; net area of bearing, 1.44 sq 

in.; no. of lands, 6; viscosity of oil, 280 sec Saybolt at 100 F and 49.5 at 

212 F; inlet oil, 120 F. Figures on curves denote the taper per land at the 
mean radius.) 


the amount of change from the calculated value is based on 
judgment. 

Tests. Tests have been conducted on thrust bearings designed 
for 20,000 rpm, 3600 rpm, and 1800 rpm. 

The purpose of these tests was to determine the load-carrying 
capacity, power loss, and the relative merits of the bearings 
tested. The design of all the test stands was similar and is 
illustrated in Fig. 6. The shaft on which the thrust collars were 
mounted was supported by journal bearings and driven through 
a flexible coupling. One of the thrust bearings was mounted in 
the housing. The other was centered by a rabbet and bolted to a 
stub shaft which in turn was coupled to a piston or diaphragm. 
Hydraulic pressure was impressed on the piston or diaphragm to 
the desired amount, the force of which was directly transmitted 
to the thrust bearing being tested. Calibrated pressure gages, 
oil-flow meters, and Fahrenheit thermometers gave accurate 
readings for determination of the thrust load and power loss. 

The results of tests made at 20,000 rpm on a six-land thrust 
bearing are shown in Fig. 7. It is interesting to note that a 
plate having Jands with zero taper had a greater load-carrying 
capacity and less power loss than a plate with lands having too 
great a taper. However, a plate with properly tapered lands 
carried a load up to the capacity of the test stand without failure. 

The power-loss curves of tapered-land thrust bearings tested 
at 3600 rpm are shown in Fig. 8. They show that a plate with 
lands of zero taper has much less load-carrying capacity than has 
the tapered-land plate. The plates with the largest tapers have 
greater loss and less load-carrying capacity than the plates with 
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lesser tapers, and finally, a plate with a greater taper at the inner 
periphery than at the outer periphery has the least loss and 
greatest load-carrying capacity. 

These tests indicate that increasing the amount of the taper 
at the inner periphery over that of the outer periphery permits a 
larger percentage of the oil to be carried onto that portion of the 
land which feeds the trailing edge, resulting in a thicker oil film, 
cooler operation at the higher loads, and higher load-carrying 
capacity. 

The calculated power-loss curve is drawn in Fig. 8 to illustrate 
the degree of accuracy obtained between calculation and test. 

Fig. 9 shows results obtained on the thrust bearing tested at 
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Fic. 9 Curves or Power Loss AND BaBBITT TEMPERATURE V3. 
LoaD FoR A TAPERED-LAND THRUST BEARING AT 1800 Rpm 


1800 rpm. As indicated, a load of 1100 lb per sq in. was carried 
without failure. The temperature of the babbitt at the trailing 
edge increased with the power loss and an increase in load. 

Application. As a result of these tests and experience gained 
on units operating at 3600 rpm with thrust loads up to 500 lb 
per sq in., a line of thrust bearings has been developed for tur- 
bine sets, including marine installations, for speeds varying from 
1500 to 20,000 rpm, ratings varying from 100 to 160,000 kw, and 
for maximum thrust loadings of from 150 to 500 lb per sq in. 
Several hundred units with tapered-land thrust bearings are in 
service, and future units, to the highest rating, will be equipped 
with this bearing. 

Table 1 illustrates the broad range of conditions for which a 
line of tapered-land bearings has thus far been designed and 
operated. 
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Fic. 10 Marine-Tyre oR MULTIRUNNER THRUST BEARING 


The tapered-land thrust bearing has come into commercial 
use because of its simplicity, low power loss, ability to withstand 
high unit loading, and because of the success it has experienced 


on a wide variety of applications. 


MaRINE-TYPE OR MULTIRUNNER THRUST BEARING 


The so-called ‘“marine-type thrust bearing,” 


consisting of a 


TABLE 1 men AND APPLICATIONS OF TAPERED- 
LAND THRUST BEARINGS 
Outside Inside No. 
Net area, diam, diam, of Rating, Speed range, 
8q in. in. in. lands kw rpm 
1.44 17/5 1'/s 6 50 20000 
12 5 23/4 6 200-2500 3600-14000 
24 7/2 6 1000-4000 3600-8000 
35 9 8 2500-6000 3600-5000 
68 51/2 8 5000-15000 3600 
90 13'/2 65/5 8 2500-40000 3600 
106 133/4 6 40000-60000 1800-3600 
120 143/, 53/s 8 110000 1800 
165 18'/4 8 35000—160000 1500-1800 
180 2179/4 14 12 75000 1800 
275 243/, 14 12 65000 1800 


MACHINE FOR TESTING MULTIRUNNER THRUST BEARINGS 


number of parallel runners mounted on a rotating shaft with 
intervening stationary babbitted plates, was used for many years 
on horizontal-shaft steam turbines. Since there are a large 
number of horizontal steam turbines in regular service today 
operating with marine-type thrust bearings, a practical discussion 
of the characteristics of this type bearing is warranted and will 
be of interest to engineers who are associated with the operation 
of existing machinery containing such bearings. 

Few, if any, mathematical investigators have attempted to 
analyze the marine-type thrust. The load distribution between 
rings even with perfect machine work is problematical so the 
application of theoretical principles of film lubrication may be 
very complicated. The assembled data dealing with this subject 
are therefore almost exclusively of a practical nature and have 
been derived from actual loading tests of commercial bearings. 
The practical limitations, as well as the merits of this bearing, 
have been quite well established both in the laboratory and in the 
power plant. Following is a discussion of an actual load test of 
a large-size marine-type thrust bearing commonly found in 
central-station turbines. 

Description of Multirunner Thrust Bearing. Fig. 10 illustrates 
one general method of mounting the marine or multirunner 
thrust bearing in a horizontal steam turbine. The rotating sleeve 
(part 9), usually a forging, contains a series of deep grooves which 
form multiple collars. The stationary casing (part 4), of cast 
steel, has a duplicate set of mating rings that are surfaced with a 
thin shell of babbitt. The surfaces of the rotating runners are 
flat planes and are journal-finished. The babbitted faces of the 
stationary rings are flat surfaces and contain from 6 to 12 radial 
grooves about '/3: in. deep with suitably rounded approaches. 
Oil is fed under pressure into the pocket formed at the inner hub 
of each runner, then it passes radially outward through the oil 
grooves to an outer pocket and thence to a common discharge 
located at the top of the shell. The bearing housing is supported 
in a ball seat to permit self-alignment. The rotating runner is 
mounted rigidly against a shoulder on the stub shaft and is 
driven through a key. The surfaces of the babbitt rings are 
hand-scraped and blued during the process of manufacture to 
produce 80 per cent or more contact on the loaded faces of the 
multiple runner. In general, high mechanical skill is required 
in the manufacture of this bearing. 

Tests. Tests have been conducted on 10. and 12-ring multi- 
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runner bearings at speeds of from 900 to 1800 rpm. The test 
stand, shown in Fig. 11, is similar to that described for the tapered- 
land thrust bearing. The test results established that the loading 
of the different plates or rings is not uniform due to relative 
deflection of the rotating runner under load. 

Assume that perfect workmanship provides contact on all of the 
12 runners and their respective babbitt thrust plates illustrated 
in Fig. 14. In general, the section of metal A-A is infinitely 
stiff compared to B-B, with the result that as load is applied 
in the direction shown, the runner sleeve is compressed due to the 
individual loads distributed on the stationary babbitted faces 1 to 
12. The ring-load distribution of such a system is obviously of 
the form shown in Fig. 12. 
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THEORETICAL LOAD DISTRIBUTION ON 
Turust BEARING 


Fie. 12 MULTIRUNNER 


The slope or incline of the curve in Fig. 12, of course, could 
have been decreased by adding metal to section B-B. However, 
as the result of the designers’ efforts to keep the surface speed 
down as low as possible and also to produce a bearing in which 
the multicollar shaft sleeve could be replaced easily, practically 
all thrust bearings of this type show the inclination to distribute 
the thrust load always toward one end of the runner sleeve. To 
study this condition in a thrust bearing actually under load, 
thermocouples were placed in the surfaces of the 12 babbitt 
thrust rings of a bearing which had the following physical di- 
mensions: 


Outside diameter of thrust................ 10°/,6 in. 
Inside diameter of thrust................... 65/16 in. 
Mean diameter of thrust................... 81/, in. 
Mean surface velocity at 1800 rpm.......... 3900 ft per min 
Number of oil grooves per ring.............. 6 
0.015 in 

ar , 375 sec at 104 F 
Inlet-oil 113 F 


Figs. 13 and 14 show a record of the babbitt surface tem- 
peratures while the bearing was being loaded, which clearly 
shows the tendency to distribute the thrust toward one end of 
the rotating sleeve. In general, for loads up to 100 lb per sq in., 
the multiple runners distribute the load in a stable fashion ac- 
cording to the relative deflections of runner and stationary rings. 
Greater loads result in such unequal distributions as to cause 
wiping of the rings most heavily loaded. Unfortunately, the 
wiping of the excessively loaded rings once it starts generally 
continues until that particular ring practically unloads itself. 
Fig. 14 illustrates this characteristic process taking place on rings 
1 and 2 at 115 lb persqin. Fig. 15 gives the power loss of this 
bearing at a constant speed of 1800 rpm. 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1938 


Repeated tests on this size and other smaller sizes of multi- 
runner thrusts show that cleaning the wiped babbitt out of the 
grooves on a partially wiped bearing will, in general, raise the 
upper load limit at which a bearing will fail completely. 

The introduction of additional oil grooves to change the ratio 
of circumferential length to radial height, in order to approach 
one will, in general, raise the maximum load-carrying capacity. 
For example, a 10-ring bearing with an outside diameter of 9 in., 
running at 1800 rpm carried a load of 68,500 lb before failure 
with 12 grooves per ring as compared to 38,500 lb at failure with 
6 grooves per ring. 
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Fie. 14 Diagram or a MULTIRUNNER THRUST BEARING AND 
TEMPERATURE DISTRIBUTION 
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The power loss of a multirunner thrust may be from 2'/; to 5 
times the loss obtained in modern types of single-runner thrust 
bearings when carrying the same total thrust. 

The maximum load-carrying capacity of the general production 
run of multirunner thrust bearings is between 150 and 200 lb 
per sq in. In unusual cases, a bearing may carry greater loads 
but the general production product cannot be relied upon for over 
200 Ib per sq in. 


Wo. 
PRESSURE 
Fie. 15 Power Loss on a 12-Ring MuULTIRUNNER THRUST BEARING 
aT 1800 Rem 


The failure of this type of bearing is of a progressive nature. 
Prior to complete failure, such a bearing usually gives warning 
of future trouble through the medium of an elevated outlet-oil 
temperature and also by the presence of babbitt flakes in the 
discharge oil line from one or more overloaded runners. 

The marine-type thrust bearing has been used successfully 
for a number of years and has been supplanted by the tapered- 
land thrust bearing only after experience and tests proved the 
superiority of the tapered-land thrust. 


ConcLUSIONS 


Developmental work, research, and years of practical experi- 
ence by several engineers give us data and experience which 
substantiate the basic design principles of the thrust bearings 
which we are now using. These data and this experience show 
that the flexibly supported thrust bearing described is well- 
suited to heavy slow-speed apparatus, such as vertical water- 
wheel generators, and that the tapered-land thrust bearing is 
particularly adaptable for moderate- to high-speed horizontal- 
shaft apparatus, such as steam turbines, in which the thrust load 
comes on after the unit is at speed. 

The writers wish to express their appreciation for the assistance 
of their associates in preparing this paper. 


Appendix 


The classical theory of lubrication, modified by Giimbel for 
rectangular surfaces, has been applied by the late V. Petrovsky* 
to helicoidal surfaces. The design formulas for helicoidal sur- 
faces give results which more nearly agree with test data than do 
those based on rectangular surfaces. A helicoidal surface 
adjacent to a flat rotating collar produces a film of constant 
thickness along any radial line and of diminishing thickness from 


‘ V. Petrovsky, formerly with the turbine-engineering department, 
General Electric Company, Lynn, Mass. 
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the leading to the trailing edge of a land in accordance with a 
linear law. 

The following formulas are from Mr. Petrovsky’s unpublished 
work: 


h 


= total clearance in a thrust bearing, in. 
h, = trailing-edge film thickness, inches (loaded plate) 
ha = leading-edge film thickness, inches (loaded plate) 
he = (h-h;), film thickness, inches (unloaded plate) 
re = outer radius, in. 
ro = inner radius, in. 
¢: = angle at leading edge of a land, radians 
¢: = angle at trailing edge of a land, radians 
F, = oil flow onto the leading edge of a land 
F; = oil flow across the trailing edge of a land 
F, = leakage oil at outer circumference 
F, = leakage oil at inner circumference 
N = speed, rpm 
w = angular velocity, radians per sec. 
# = absolute viscosity, lb sec per sq in. 
nm = number of lands on a thrust plate 
W = total load, lb 
L = power loss, in-lb per sec (loaded plate) 
L' = power loss, in-lb per sec (unloaded plate) 
let 
ha — hy 
hy 
and 
= 1o/Te 
The load on the thrust plate is 
1 
W = 6Ynyor.! (¢2 — gr)? (1 — 20) f (20) f (m) hi {1} 
Where’ 
Y = : 
6 (1 — (1 — 
1 6 
and 


2 
m 2+m 
The power loss on the loaded tapered-land thrust plate is 


L= — oi) (1 — 2) {| + 


2 2 
(1 + 2 (1 (2 
Oil flow for one land is 

1 4 2 + 

F; = h Hae [4} 

F; = (ha—y)....- 


5 Y is Gimbel modifying factor and is determined from the 
continuity condition of the oil flow, i.e., PF: = F: + Fs + Fa. 
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SPEED 1,000 R.PM. SPEED 1,000R.PM. 
Fie. 16 CALCULATED CurRVES OF Power Loss AND LoapD Vs. SPEED, 
Constant TAPER 


(Tapered-land thrust bearing; outside diam 11.5 in. inside diam, 6 in.; 
no. of lands, 8; effective area, 60.5sqin.; average taper =h:—h; = 0.006 in.; 
assumed absolute viscosity 1.8 X 10~§ lb sec per sq in.) 


Generally F’ is the only oil lost, so for a thrust plate the make- 
up oil in gal per min is 
2 
F = 3.56 X 10-*Y re®N(he— hy)... . [7] 


The power loss on the unloaded flat-land thrust plate is 
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Fie. 17 Curves With Constant THICKNESS 


(Same dimensions and viscosity as in Fiz. 16 except taper. 
hy = 0.0006 in.) 


Film thickness = 


The curves of Figs. 16 and 17 have been drawn from calcula- 
tions using these formulas and the test bearing for 3600 rpm. A 
study of these curves in conjunction with the formulas will 
clearly indicate the effect of each of the variables upon the per- 
formance of the thrust bearing. This bearing carried 60,000 lb 
total load without failure in test, so the film thickness as indicated 
by formulas was in the region of 0.3 mil. 
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Effect of Temperature Variation on the 
Creep Strength of Steels 


By ERNEST L. ROBINSON,! SCHENECTADY, N. Y. 


HE OBJECT of this article is to give publicity to several 
convenient formulations for the effects of temperature 
~~ change, variation, or fluctuation on the creep rate of steels 
at elevated temperatures. In searching for new materials of a 
creep-resistant nature and in determining their strength charac- 
teristics, tests are run at various temperatures. From such 
tests, designers must be prepared to predict performance at any 
intermediate temperature and not infrequently at temperatures 
outside the range of test results. It is not difficult to predict 
performance at intermediate temperatures with a degree of ac- 
curacy commensurate with the test data. Extrapolation beyond 
test results may or may not be trustworthy and judgment must 
be exercised. 

Test results are likely to take the form of a series of tests at 
several temperatures giving at each a relation between applied 
stress and resultant creep rate. Having such data available, 
various questions are bound to arise: 

What will the material do at other stresses or at other tem- 
peratures than the exact ones at which tests have been run? 

Since temperatures are never maintained precisely constant in 
any operating machine, what will the materials do when under 
stress while the temperature varies between certain limits 
throughout some characteristic periodic cycle? 

Where machine parts are subjected to a variation of tempera- 
ture along their length, what will the material do under stress 
when hot at one end and cold at the other, or with some charac- 
teristic temperature distribution? 

Machine designers are constantly aware of such questions. A 
satisfactory answer to the first can usually be taken from a graphic 
plotting of test results. The other two questions which are 
closely similar to each other are more easily answered by formulas 
unless the range of temperatures involved is too great. For 
differences of 100 F or less, great precision is possible such that un- 
certainties as to the identity of the material used far transcend any 
uncertainty as to its performance under interpolated conditions. 

In this respect the situation bears a likeness to predictions of 
performance under conditions of compound stress other than the 
type of stress used in test. Analytical studies of creep behavior 
under compound stress assure more accurate prediction of 


1 Turbine Engineering Department, General Electric Co. Mem. 
A.S.M.E. Mr. Robinson was graduated from The St. Lawrence 
University in 1911 and from the Harvard Graduate School of Applied 
Science in 1914 (M.C.E.). For three years he was engaged in con- 
struction work and the design of steel and reinforced-concrete struc- 
tures in New York and in water-power engineering in New England. 
During the war he served in the Oise-Aisne offensive as First Lieuten- 
ant with the 302nd Engineers, U. S. A., and later as Captain and 
Adjutant of the 2nd Engineer Training Regiment. For the last 
18 years he has been employed in his present capacity. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Com- 
mittee on the Effect of Temperature on the Properties of Metals 
and presented at the Annual Meeting of THe AMERICAN Soclety or 
MECHANICAL ENGINEERS, held in New York, N. Y., December 6-10, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until June 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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performance relative to simple stress behavior than can be as- 
sured, at the present state of knowledge, from a presumably 
duplicate batch of material.? 

The formulas listed are not only of use for problems of machine 
design but also in the conduct and interpretation of test results. 
A skeleton sheet covering the subject was circulated by the author 
two years ago to the members of the A.S.M.E.-A.S.T.M. Joint 
Research Committee on the Effect of Temperature on the 
Properties of Metals. 

The very important distinction between accuracy of tempera- 
ture measurement and limitation of temperature variation has 
frequently been lost sight of with resultant confusion of thought. 
A word or two at the start may serve to clarify this distinction 
which will become quite evident from the curves presented in 
what follows. 

Regardless of all outstanding questions as to the shape of the 
creep-time curve and the relations between stress and creep rate, 
it is generally understood that creep rate varies rapidly with 
temperature and not in a linear manner. 

Two things are perfectly plain: First, that an erroneous meas- 
urement of temperature will give erroneous evaluations of creep 
rate and strength; and second, that a temperature which is 
variable or fluctuating over an unlimited range will not give an 
average creep which is the same as the creep rate at the average 
temperature. 

Without going more deeply into the matter, when running a 
test one may easily let his heels save his head by taking the 
necessary precautions to eliminate any variation or fluctuation of 
temperature in order to get accurate results. On the other 
hand, when faced with the application of the results to machines 
where temperatures are neither uniform across a dimension nor 
steady in time, it is impossible to dodge an evaluation of these 
matters. It turns out that surprisingly large variations of 
temperature, the exact amount depending on the material, are 
possible with little difference of behavior from that at average 
temperature. Thus, while a change in constant temperature 
level of 1 F may cause a change of creep rate of several per 
cent, it is very likely to require a fluctuation of as much as 10 or 
20 F above, or with equal amount below, average temperature 
to produce as great a change in rate as that caused by the single 
degree alteration in the case of the constant temperature level. 
This is the important distinction which will be brought out from 
what follows. 

The formulas are based on two fundamental rules of creep 
behavior demonstrated by large numbers of tests. The first 
formula expresses the relation of stress to creep rate. At any 
particular temperature t, the rate of creep r, is proportional to 
some power n of the applied stress, s. Thus, if some arbitrary 
rate ry is caused by a stress S, at the particular temperature, we 


can write 
he 


This formula is simply the equation of the familiar straight 


2 This statement follows very closely a similar remark by C. Rich- 
ard Soderberg in his address on ‘‘Creep Problems of the Turbine 
Industry” at the conference on Fatigue and Creep of Metals at 
Massachusetts Institute of Technology, July 15, 1937. 
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line on the log-log plot of stress against rate, of which n is the 
slope.* Fig. 1 shows such a plot for 0.35 per cent carbon steel 
at 850 F. 

S, may be called the “nominal creep strength” of the material 
at the particular temperature, and it may be read from the log- 
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LOG. CREEP RATE, MILLIONTHS / HR 
Fie. 1 0.35 Per Czmnt Carson Stee.‘ K20 at 850 F 


(Fundamental relation between stress and rate of creep. The line on the 
log-log plot is usually straight for ratios of stress as large as 5 to 1 and for 
ratios of rate as large as 100 to 1. The slope of the line is n which is the ratio 
of the per cent increase in creep rate to the per cent increase in stress.) 
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represented by Formula [2] applies over the required range, a 
curve of strength against temperature plotted on rectangular 
coordinates, such as Fig. 2A suffices. A straightedge laid 
tangent to the curve at any convenient temperature shows the 
rate of decrease of strength with temperature. Where it inter- 
sects the zero line, one might imagine 100 per cent of the strength 
lost by the corresponding rise of temperature, A, where k = 
100/A. 

The semilog plot itself such as Fig. 2B shows to better ad- 
vantage the range of temperatures for which a particular value of 
k applies or, what is more important, if the line is not exactly 
straight over some large temperature range, it is easier to note 
the largest and smallest possible values and choose a satisfactory 
intermediate figure. From Formula [2] 


In this expression, if a strength ratio is chosen 
S,/Si = = 2.718 


the corresponding value of At will be A as in Fig. 2A. In the 
semilog plot, Fig. 2B, one may note the temperature difference 


STRENGTH LB./ SQ. IN 
| 
| 


3000 


log plot at the intersection of the test line 60000 
with the line representing the arbitrary creep , 
rate ro chosen for reference. tm may be any 2z 50000 
convenient value, depending on industrial go 40000 
use. Several commonly used values of 1 =. 
are: “30000 
1 = 10-5 in. in. 
= ag per 1000 hr = 107 in. per in z on 
1 per cent per 10,000 hr = 1 millionth per a 10000 
hr = 1 mil per in. per 1000 hr = 10~° in. : 
per in. per hr fe) 
1 per cent per 100,000 hr = 10~’ in. per in. 600 


per hr 


The second formula expresses the relation 
of the temperature to the nominal creep 
strength in terms of stress for a given creep 
rate. 

The nominal strength decreases as the tem- 
perature increases, a fixed percentage amount 
per degree increase of temperature. Thus 
the logarithm of the strength bears a linear relation to tem- 
perature. These statements are simply the analytic expres- 
sion of the fact that test results plotted on semilog paper give 
straight lines for large ranges of temperature variation, frequently 
for as much as several hundred degrees F. With reference to 
some particular temperature ft for which the nominal strength 
is S,., the nominal strength at any other temperature for as far 
away as the test lines stay straight is 


where ¢ is the base of the natural logarithms and k is the per cent 
change of strength per degree change of temperature. At is 
just a convenient way of writing the temperature difference 
(t — &). 

There are several convenient ways to determine the tempera- 
ture index k. If one has already assured himself that the rule 


3“'The Creep of Steel at High Temperature,”’ by F. H. Norton, 
McGraw-Hill Book Co., New York, N. Y., 1929, chapter 8, p. 67. 

4 For this material see ‘‘A Relaxation Test on 0.35 C Steel K20,” 
by Ernest L. Robinson, Trans. A.S.M.E., vol. 59, July, 1937, paper 
RP-59-7. p. 451. 
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Fie. 2 Creep StrenerH ror 1 MILLIONTH PER He 0.2 To 0.3 Per Cent, 


Meprium-Carson STEELS 


(Fundamental relation between strength and temperature. A is a constant number of degrees. 

The per cent change of strength per degree change of temperature is k = 100/A and this value 

is frequently constant for several hundred degrees F. The relation may be used with accuracy 
for as long a range of temperature as & remains constant.) 


corresponding to a strength change from 2718 to 1000 or from 
27,180 to 10,000, whichever may be most convenient. If the 
curve deviates from a perfectly straight line the appropriate 
value of A may be scaled with a straightedge as illustrated in 
Fig. 3 between 800 F and 900 F. Deviation from a straight line 
does not invalidate the relationship but simply limits its range of 
applicability. However, many materials follow the rule over 
surprisingly large temperature ranges, in this case from 900 F to 
1200 F. 

Several questions are answered directly by Formulas [1] and 
(2]. Thus, having determined by test the nominal creep strength 
S, for a particular temperature ¢ and rate ro, and the per cent 
change n in the rate of creep due to a per cent change in stress, 
Formula [1] enables the determination of the creep rate r, at that 
temperature, corresponding to any other stress s. Or, for any 

5 For this material see ‘‘The Trend of Progress in Great Britain 
on the Engineering Use of Metals at Elevated Temperatures,’’ by 
R. W. Bailey, J. H. S. Dickenson, N. P. Inglis, and J. L. Pearson, 
A.S.T.M.-A.S8.M.E.Symposium on Effect of Temperature on the Prop- 
erties of Metals, 1931, p. 231, Formula [3]. The writers give the 
formula in which n = 6.67 and k = 0.6 per. cent per deg F and the 
po ag strength is 12,000 lb per sq in. at 850 F for a rate of 1 millionth 
per hr. 
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rate specified as satisfactory, one may determine an allowable 
working stress. 

Having also determined the per cent change in strength k 
per degree change in temperature, Formula [2] enables the 
determination of the nominal strength at any other temperature 
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<Typical strength-temperature plot showing a constant per cent change of 

strength per degree F of 1.11 for a full 300 F from 900 F to 1200 F. In the 

range from 800 to 900, & is approximately 0.5 per cent per deg F and in this 

range the regular formula should be used over a limited range only and with 

a carefully selected value of &. With a curvature as shown, a linear relation 
may sometimes be satisfactory.) 


differing by amount At. Since the nominal strength is based 
on an arbitrary rate, the same relation holds between allowable 
working stresses which may be based on some other larger or 
smaller rate. 

So much for behavior with a particular stress at a particular 
temperature. Questions also arise as to behavior under other 
than uniform temperature. For example, how will the creep 
rate vary with a temperature varying from point to point or 
from time to time? 

In answering these questions it is well to note at the start that 
a creep rate is a length change per unit time and that, in finding 
the total effect of a particular type or cycle of nonuniformity, it 
makes no difference whether the variation is over the length of 
the member subjected to stress or over the period of time con- 
cerned, presuming, of course, that the time cycle is short enough 
so that the nominal strength does not change during the cycle. 
A well-known characteristic of materials is to improve with time 
and show increasing strength as time goes on. The fundamental 
rules hold remarkably well regardless of whether transient rates 
or total plastic extensions divided by total time are used to give 
average rates provided, of course, the same type of rate is always 
used. 

Direct substitution of Formula [2] in Formula [1] gives the 
ratio of the creep rate 7; at any temperature ¢ to that at some 
particular temperature ¢) from which it differs an amount At = 
t— to. This ratio is 


This is also a fundamental relation about which certain 
characteristics may be noted. In the first place, this is strictly 
analogous to the behavior of money in the savings bank at com- 
pound interest with the interest continuously compounded. If 
the product kn, which is the per cent change of creep rate per 


* For this material see ‘‘The Properties of Metals at Elevated 
‘Temperatures,’’ by C. L. Clark and A. E. White, University of 
Michigan, Engineering Research Bulletin No. 27, March, 1936, p. 75. 
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degree, is thought of instead as a rate of interest in per cent per 
year and if At is regarded as a period of time in years instead of 
as an increment in temperature then the ratio r;/r, would be 
the amount accumulated at compound interest, continuously 
compounded, at the end of At years. 

Most thrifty persons are reasonably familiar with what happens 
to money in the savings bank. Perhaps the analogy is good in 
more ways than one. Compound-interest tables tell us what 
happens to our savings as long as the bank pays any particular 
rate. In the past few years we have become accustomed to hav- 
ing the rate changed occasionally. So also at high temperature 
it is possible to compute the performance, frequently over large 
ranges of temperature, but one must be prepared to use the inter- 
est rate appropriate to the circumstances and limit the computa- 
tion if circumstances are subject to change. 

There is a pretty good rule for how long it takes money to 
double at compound interest that is useful to recall. At 1 per 
cent it takes nearly 72 yr; at 2 per cent half as many or 36 yr; 
at 3 per cent a third as long or 24 yr; at 4 per cent a quarter as 
long or 18 yr; at 6 per cent a sixth as long or 12 yr; at 8 per cent 
an eighth as long or 9 yr. When interest is continuously com- 
pounded the rule is exact if 69.3 yr is used instead of the con- 
veniently factorable figure of 72. 

Thus, with a value of kn = 1 per cent more creep per deg F, 
it would take 69 F to double the creep; with kn = 2 per cent 
more creep per deg F it would require but 35 deg; with kn = 3 
only 23 deg and with kn = 4 only 17 deg to cause double the 
amount of creep. 

The 0.2 to 0.3 per cent carbon steel illustrated in Figs. 2A 
and 2B has a temperature characteristic of kn = 4 per cent more 
creep per deg F. Fig. 4A illustrates other characteristics in the 
behavior of this material. Curve 1A gives the extra creep 
caused by an increase of temperature. It shows how the formula 
marked Case 1 differs from unity. (It is really just a compound- 
interest curve.) The dotted curve 1B gives the deficiency of 
creep caused by a reduction of temperature. It also shows how 
Case 1 differs from unity when the exponent is negative. (It 
is really just a curve for “principal that will amount to a given 
sum.’’) 

The reason for plotting the difference from unity in each case, 
instead of the relative creep as given directly by the formula, is 
to enable direct comparison between the excess when too hot 
and the deficiency when too cold, each being expressed numeri- 
cally as a fraction of the creep at normal temperature. The 
negative deficiency when cold has thus been folded over in plot- 
ting and shown dotted in its numerical relation to the positive 
extra creep when hot. The slope of the two curves is identical 
at the start and equal to kn, which corresponds to the interest 
rate. 

Now if a structural member or machine part is above normal 
temperature half the time and below it by an equal amount the 
other half of the time, a simple average of Case 1A and Case 1B 
gives directly r:, the creep rate for Case 2, a bar which is half the 
time too hot and half the time too cold or which is half hot and 
half cold along its length. 


T2/r = cosh knAt/100............... (Case 2) 


Curve 2 in Fig. 4A shows how Case 2 differs from unity. It is, 
of course, half the difference between curve 1A and curve 1B. 

An equally important case, and perhaps a more common one, 
is where a machine part varies uniformly in temperature from 
one end to the other. Thus one end is above normal temperature 
by an amount At while the other end is below by the same amount, 
with a smooth gradation between. An integrated average gives 
the creep rate, rs, for Case 3 which applies equally well to swings 
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Fie. 4 Curves ror Extra CREEP AND 
DEFICIENCY IN EFFECTIVE STRENGTH DUE 
To TEMPERATURE VARIATION 0.2 To 0.3 
Per Cent, MepIuM-CARBON STEEL® 
(n = 6.67 k = 0.6 kn = 4.0) 


{If the material is all above normal tem- 
perature by a definite amount, the excess 
creep and corresponding deficiency of strength 
relative to normal ag evi a are shown by 
the curves 1A. (The dotted curves, 1B, give 
the deficiert creep and excess strength if be- 
low normal temperature.) 

Curves No. 2 give the performance of a bar, 
half of which is above normal temperature by 
a definite amount, the other half being below 
by an equal amount, or which is cyclically too 
hot half the time and too cold half the time. 

Curves No. 3 give the more common case 
of a bar which varies uniformly from a defi- 
nite amount above to the same amount below 
temperature or which goes through a similar 
cyclical fluctuation. The small magnified in- 
sert in Fig. 4B shows that this material may 
vary uniformly from 15 F hot to 15 F cold, 
or through a total range of 30 F with a strength 
deficiency of only 1 per cent. 

This material is the same as that of Fig. 2.] 


Fie. 5 Curves ror Extra CREEP AND 
DEFICIENCY IN EFFECTIVE STRENGTH DUE 
TO TEMPERATURE VARIATION BETWEEN 
900 anp 1200 F 
CARBON 


STEEL® 
0.15 Per Cent Carspon, ANNEALED 
1550 F 
(n = 3 & = Li kn = 3.33) 


[For significance of the several curves see 
note under Fig. 4. This material is the same 
as that of Fig. 3.] 


Fig. 6 Curves ror Extra CREEP AND 
DEFICIENCY IN EFFECTIVE STRENGTH 
Due To TEMPERATURE VARIATION 
TWEEN 1000 F anv 1400 F 
AvusTENITIC STEEL:’ 19 Per Cent N1, 6 
Per Cent Cr, 1 Per Cent S81 
(n = 15 k = 0,567 kn = 8.5) 


For the significance of the several curves see 
the note under Fig. 4.} 


7 For this material see ‘‘The Creep of 
Steel at High Temperatures,” by F. H. 
Norton, McGraw-Hill Book Co., New 
York, N. Y., 1929, Steel B, pp. 24 and 
58 to 65. 
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of temperature with time, supposing an equal part of the time 
is spent at each temperature. 

fs sinh knAt/100 
rio At/100 


Curve 3 in Fig. 4A shows that Case 3 differs from unity by about 
a third as much as Case 2. This is about what would be expected, 
in view of the fact that the area under a curve of parabolic 
shape is roughly a third that of the enclosing rectangle, exactly a 
third for a true parabola. 

Two other cases likely to be of use in design may be noted. 
Suppose the machine part to be above temperature for a part of 
the time (or length) by an amount A"t and below temperature for 
a part of the time (or length) A‘t, the fraction of time (or length) 
that it is above temperature being proportional to the increase, 
and the fraction of time (or length) below, proportional to the 
decrease in temperature. 


Tt + At 


..++++(Case 4) 


It will be noted that, if A*t = A‘t this case reduces to Case 2. 

If, instead of fluctuating suddenly between an upper and a 
lower level, the temperature swings gradually from one to the 
other in a uniform manner an integration gives 


rs —kn&tt/ 100 


re + A%)/100 


TABLE 1 
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When temperature varies above and below normal by equal 
amounts there is more creep than at normal temperature because 
the compounding excess at higher-than-normal temperature 
exceeds the deficiency below. Thus, there is an apparent weak- 
ening and the effective strength to give identical behavior may 
be formulated. Since the relative rate of creep has already been 
written, the effective strength in each of the five cases is propor- 
tional to the reciprocal of its nth root. The ratio of the effective 
strength to the actual strength at normal temperature is shown, 
for each of the cases, in the last column of Table 1. 


NOMENCLATURE 
t = temperature 
Yr, = creep rate at temperature, ¢ 
To = creep rate at temperature t) 
n = 


ratio of per cent increase of creep rate to per cent 
increase of stress, frequently about 5, but sometimes 
as small as 1 or as large as 20 
8 = applied stress 
Tf. = creep rate caused by the “nominal strength” of the 
material, for instance, 1 per cent per 10,000 hr or a 
millionth per hr. Other commonly used rates for 
describing a nominal strength are 1 per cent per 
1000 hr, and 1 per cent per 100,000 hr 
S, = nominal strength at temperature, ¢ 
t = normal temperature of machine part 


TYPE OF 


CASE | VARIATION 


RELATIVE CREEP 


EFFECTIVE STRENGTH 


kn At/ioo 


kn dt/ico 


= cosh kndt/oo 


kn bt foo 
kndt/ioo 
+ at + At 


Ss. kn 


As before, if A*t = A‘t, Case 5 reduces to Case 3. 

It is very simple from Formula [2] to derive by integration 
the average creep strength of a machine part which is subject 
to varying temperature. With the variation equal above and 
below normal, the average strength is somewhat greater than the 
strength at the average temperature, because the deficiency as 
temperature goes up is cumulatively less than the compounding 
excess as temperature is reduced. The formulas are not given 
here, since they do not seem to have any useful application. 
In cases where the minimum strength is of interest as a criterion 
of design, it is given directly by Formula [2]. 

Of greater interest is what might be called the “effective 
strength” to give the same behavior at normal temperature. 


Sw = nominal strength at temperature, t& 

k = percent change of strength per deg change of tempera- 
ture, frequently about 0.5 per cent per deg F but 
sometimes as large as 1 per cent per deg F 

At = variation or fluctuation of temperature from normal. 
With equal variation above and below normal, the 
range would be 2At 

Ti, Ta, Ts, Ta, T> = Creep rates with different types of temperature 
variation from a normal value to 

Si, Ss, Ss, Si, Ss = “effective strengths” with different types 
of temperature variation from a normal value t& 

A*t = temperature variation hotter than normal 

A*’t = temperature variation colder than normal 


bie 
—........(Case 5) 
‘ay 
Ss, 
-kn At /ioo}- 
pss 
. 
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The effective strength for the first three cases is shown in Fig. 
4B for the same material as in Fig. 4A, the scale showing how the 
ratio differs from unity. Since the effective strength is usually 
less than the strength at normal temperature, the curves are all 
plotted downward as being intrinsically negative. Curve 1A 
represents Case 1 when the member is above normal temperature. 
Curve 1B which is dotted shows the excess strength when the 
member is colder than normal. It might be said to be positive 
and it should logically be on the other side of zero. Curve 2 
shows the apparent deficiency where half the machine part is 
above normal temperature and half below, while curve 3 repre- 
sents the case of uniform variation. 

The practical utility of the various curves in Figs. 4A and 4B 
may be illustrated by supposing the material to be used in a 
steam turbine operating at a temperature of 750 F. Now if the 
control equipment should allow the temperature to float 27 F 
above normal to 777 F, curve 1A at the left shows that there 
would be 200 per cent extra creep or in other words, each hour of 
such running would age the machine as much as 3 hr at normal 
temperature. Protracted operation under such conditions would 
shorten the useful life of a machine by two thirds. An overshot 
of 58 F would cause extra creep 9 times normal or speed up the 
very small rate of distortion as much as 10 to 1. On the other 
hand, with temperature fluctuating uniformly between 27 F 
above and 27 F below normal, the extra creep would be only 
about 20 per cent as may be seen on curve 3 at the left, while the 
corresponding loss of effective strength would be 3 per cent as 
shown by curve 8 at the right. 

As a further illustration suppose this material to be used for 
flange bolts, the middle of which are at 750 F but with a tempera- 
ture falling off uniformly to 700 F at the nuts. The average 
temperature would be 725 F. From curve 1B at the right it is 
seen that a bolt at 725 F constant temperature would be stronger 
by 16 per cent than one at 750 F. However, since the bolt in 
question is not at constant temperature, but varies from 25 F 
below to 25 F above 725 F, its strength will be 2.5 per cent less 
as shown by curve 3, the net improvement being 13.5 per cent 
over a bolt at constant temperature at 750 F. 

Considerable concern has been expressed from time to time as to 
the effect of nonuniform temperatures during the conduct of a 
creep test. A magnified plot of the beginnings of curves 2 and 3 
is shown in the little insert. With this material it is at once 
evident that the test specimen may vary from 15 F too hot at 
one end, to 15 F too cold at the other, a range of 30 F, with an 
error in strength of only 1 per cent. While deficiency of effective 
strength is important in machine design where there are large 
variations in temperature it is practically of no importance in 
ordinary creep testing. On the other hand, the great impor- 
tance of correct determination of test temperature is manifest 
from a glance at curve 1A or 1B, Fig. 4B, the temperature charac- 
teristic k being a measure of the error in per cent per degree for 
a few degrees until compounding makes the use of the curves or 
tables necessary. 

Fig. 5 gives curves characteristic of the electric-furnace-killed 
carbon steel described in Fig. 3. The curves in Fig. 5 are valid 
between the temperatures of 900 F and 1200 F. 

Fig. 6 gives similar characteristics for an austenitic steel 
tested by Norton from 1000 F to 1400 F. This steel was also 
tested at 1500 F, but at that temperature the value of n was 
noticeably smaller. 

If material having creep properties such as this should be 
embodied in superheater tubes for operation at a specified normal 
temperature, for instance, of 1000 F, a swing of 27 F upward 
would multiply the rate of enlargement by 10 (9 times extra) as 
shown by curve 1A in Fig. 6A. Such an increase in creep rate 
for only 10 per cent of the operating time would double the annual 
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enlargement and halve the life of the equipment. Furthermore, 
even if such swings should be accompanied by equal swings 
below normal, the rate of creep would be more than doubled as 
shown by curve 3, Fig. 6A, while curve 3, Fig. 6B shows a loss 
of effective strength of 5 per cent as compared to a steady tem- 
perature condition. 

The materials selected for the illustrations in Figs. 4, 5, and 6 
were chosen to show several differing characteristics. That of 
Fig. 4 has very typical characteristics and it is plain that varia- 
tions in strength due to temperature change cause very large 
changes in creep rate. However, it is also clear that very large 
changes in rate do not necessarily imply great changes in strength. 

The material shown in Fig. 5 is one of the strongest carbon 
steels when tested at temperatures of 800 F to 900 F. However, 
at 1000 F it is not particularly outstanding; consequently it 
displays a rapid fall off in strength with temperature as repre- 
sented by a high value of k. On the other hand, this steel has a 
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TEMPERATURE VARIES UNIFORMLY From BELOw NORMAL TO AN 
Equat Amount ABovE NoRMAL TEMPERATURE, THE TOTAL RANGE 
Beine Twice THE VARIATION From NorMAL 


(This is a restriction specified by the A.S.T.M. Tentative Code E22-35T 
for variation of temperature along ~ i of specimens exceeding 5-in. 
gage length.) 


low sensitivity to change of stress as represented by n. The net 
result is a somewhat greater sensitivity to temperature fluctuation 
than the steel represented by Fig. 4. 

Fig. 6 represents a steel highly sensitive to change of strength 
but with a normal temperature characteristic. In the net result 
this material is less sensitive to temperature variation than that 
shown in Fig. 5 but slightly more sensitive than Fig. 4. 

Although these diagrams by no means cover all possible types 
of material, they serve to show that materials are more uniform 
in their reaction to temperature variation than would ordinarily 
be expected without considerable thought. 

While the principal utility of these formulas should be in con- 
nection with design problems where large variations of tempera- 
ture are experienced, they are also applicable to the computation 
of corrections during the conduct of creep tests, where they have 
a high degree of precision due to the small ranges of variation 
involved. The present A.S.T.M. Tentative Test Code for Long- 
Time (Creep) High-Temperature Tension Tests of Metallic 
Materials E 22-35T provides that, for all gage lengths of more 
than 5 in., “the design of the furnace shall be such that the 
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maximum variation of temperature over the gage length of the 
specimen shall not give rise to an error in strength in excess of 1 
per cent.” The apparent strength deficiency with nonuniform 
temperature is easily estimated from the appropriate formula, 
the most common case being Case 3 of uniform variation from 
below to above normal. Fig. 7 shows for various values of n 
and k, allowable ranges of temperature variation from normal 
within the requirements of the tentative code as now drawn. 

A few remarks are necessary about the likely values of the 
exponents n, the per cent change in creep per per cent change in 
stress, and k, the per cent change in strength per degree change 
of temperature. 

Values of n are likely to run from as small as 1, in which case 
the creep rate increases no faster than the stress, to as high as 20 
in which case the creep rate increases 20 times as fast as the 
stress. The value of n is likely to decrease at the higher tem- 
peratures where the nominal strength is low. In fact the nominal 
strength may be a better guide than temperature, although it is 
perhaps going too far to take the nominal strength in thousands 
of pounds per square inch as a value of n. The value of n is 
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usually noticeably higher for creep at constant extension (plastic 
replacing elastic) than for creep at constant stress. 

Values of k are of the order of a half to one per cent per degree 
F. Published data not infrequently show a tendency toward a 
slight reversed S shape with a maximum rate of fall off of strength 
at some intermediate temperature, a fact which may have 
metallurgical significance. In this range the value of k is likely 
to be constant for a wide temperature variation, both above and 
below which the change is less rapid. In fact k may be constant 
for a wider range of temperature than n. 

While the use of the various formulas is based on the supposi- 
tion that the two coefficients n and k are essential characteristics 
of the materials which are not subject to change over considerable 
ranges of temperature it should not be assumed that this is true 
over very wide ranges of temperature. Thus, while the formulas 
are good working tools for machine design and are highly accurate 
for such small temperature variations as occur during the conduct 
of tests with good control equipment, they should not be supposed 
to apply over such wide ranges of temperature as involve metal- 
lurgical changes in the material. 
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Decomposition of Sodium-Sulphite Solutions 


at Elevated Temperatures 


By W. O. TAFF,! H. F. JOHNSTONE,? ano F. G. STRAUB,* URBANA, ILL. 


The paper describes the experimental apparatus and 
testing procedure used to determine the effect of high tem- 
perature on sodium-sulphite solutions as used in boilers 
to prevent oxygen from the feedwater from attacking the 
steel.‘ 

The results of the experiments are compiled in tables 
and graphs showing the decomposition of the sodium 
sulphite for different values of time, temperature, and pH. 

The results show that solutions of sodium sulphite de- 
compose into sulphide, sulphate, and thiosulphate at 
temperatures above 530F. Variation of the pH of the solu- 
tion from 9.5 to 11 has no effect on the rate of the reaction 
or on the proportions of the decomposition products 
formed. The reaction is determined to be of the first 
order and the value of the heat of activation is determined. 


the necessity of the elimination of oxygen in the boiler feed- 
water. However, it has been found difficult to eliminate 
the last traces of this dissolved gas. During the last few years, 
chemical treatment has been started in order to stop small 
amounts of oxygen from causing corrosion. This treatment in- 
volves the addition of a small amount of a reducing chemical 
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which reacts with the oxygen and thus prevents the oxygen from 
attacking the steel in the boiler. Various chemicals have been 
used with very good success. 

One chemical which is being used to react with the oxygen is 
sodium sulphite. Several years ago it was noted in one power 
plant operating at 1400 lb steam pressure that there was an exces- 
sive amount of sodium sulphite being used. The sulphite treat- 
ment had been used from the start of operation and at no time 
was it possible to maintain an excess of sulphite without adding 
excessive amounts. Difficulty was also encountered in main- 
taining other salts in solution. However, at times of low rating, 
the salts would reappear as sodium sulphate instead of sodium 
sulphite. The amount of oxygen neces- 
sary to cause this oxidation of the sul- 
phite would be equal to about 8 parts 
per million in the make-up water where- 
as tests of this water showed the oxy- 
gen to be consistently less than 0.02 
parts per million. This indicated that 
there might be a reaction causing this 
change of the sulphite to sulphate in 
the absence of oxygen. In order to 
study the reactions possible a labora- 
tory study was started. 

This study involved the testing of 
solutions containing sodium sulphite at 
temperatures between 530 F and 600 F. 


APPARATUS 


Two different types of apparatus 
were used for the two types of tests 
made. 

For tests which had a duration of 
more than four hours, small steel bombs 
having a capacity of 590 to 600 cc were 
used. See Fig. 1. These bombs were 
constructed as is usual for high-pressure 
equipment, being sealed by a cap seated 
on an annealed-copper gasket and held 
down by a screw collar. They were 
provided with outlets through the caps, 
the outlets being closed by Hoke 
valves. These outlets were used in 
evacuating the bombs to a pressure of 
from 1 to 2 in. of mercury. 

An electrically heated furnace, con- 
structed of transite with magnesia insulation, was used to main- 
tain the bombs at constant temperature, and was sufficiently large 
to accommodate nine bombs at a time. The bombs rested on a 
grid of angle irons in the lower part of the furnace in such a way 
that air could be circulated freely about them by means of two 
fans. The tops of the bombs were covered with magnesia blocks. 

The temperature of the air bath was held constant within 
+5 F by means of a Leeds and Northrup potentiometer con- 
troller using iron-constantan thermocouples... The controlling 
temperature was that measured in the bath. Temperatures 
measured by thermocouples inserted in the wall of a bomb for a 


NMG 


Fie.1 Reaction Boms 
UseEp IN Lone Decom- 
POSITION TESTS 


261 


gre 
IN SSF 
ES 
; 
| 


262 


distance of one-half inch checked the controlling temperature 
within 5 F. 

For the shorter runs in which samples were removed at in- 
tervals, a large bomb of approximately two liters capacity 
was employed. See Fig. 2. The head of this bomb was seated 
on an annealed-copper gasket and was secured by studs anchored 
in the flaring collar. Two outlets were provided in the head, 
one vertical and the other horizontal. The vertical outlet was 
a tube reaching to within one-half inch of the bottom of the bomb 
and bent in the form of a gooseneck outside. This was used for 
taking liquid samples, and about 16 inches of its length was water- 
jacketed for cooling. This gooseneck was built entirely of steel 
pressure tubing with the end closed by a Hoke valve and all cool- 
ing was done under pressure. The horizontal outlet opened into 


Y 


Y 


Fig. 2 Reaction Boms USED SHortT Tests 


(A, sampling tube; B, thermocouple well; C, steam outlet; D, gasket seat; 
E, Hoke valve; F, head bolt; G, packing gland; H, water jacket.) 


the vapor space above the solution and was employed in evacuat- 
ing the bomb and in taking steam samples. A thermocouple well 
was also attached to the head of the bomb and projected into the 
interior for a distance of 7 in. 

This bomb was heated by an electric furnace built by winding 
resistance wire on an insulated iron pipe of large enough diameter 
to hold the lower part of the bomb. The resistance wire was 
installed in two separate coils and connections were such that 
these coils might be operated either in parallel, for starting up 
and maintaining high temperatures, or in series, for maintaining 
low temperatures. This resistance furnace was insulated on the 
outside by 4 in. of magnesia lagging. 

The temperature of the liquid was measured by means of an 
iron-constantan thermocouple located in the inside well, and 
connected to a Leeds and Northrup potentiometer recorder. 
The temperature was maintained constant by manual manipula- 
tion of an external electrical resistance. 

The furnace was set on a rocker in order that the bomb might 
be shaken at intervals to assure homogeneity of the solution 
when sampling and to hasten the warming-up process. 


ANALYTICAL PROCEDURE 


Aliquot portions consisting of 25 cc of a diluted sample from 
the bombs were analyzed for sulphite, sulphide, sulphate, thio- 
sulphate, and total sulphur as follows: 

(a) Sulphide, Sulphite, and Thiosulphate. A 25-cc sample of 
the solution was allowed to flow into 10 cc of N/10 iodine solution 
which had been acidified with 20 cc of 10 per cent acetic acid. 
The excess iodine was then back-titrated to the end point with 
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N/10 sodium thiosulphate solution using starch as the indicator. 

(b) Sulphide and Thiosulphate. To 25 ce of the diluted solu- 
tion were added 5 ce of 40 per cent formaldehyde and the solution 
was allowed to stand for about five minutes. This mixture was 
then poured into 5 ce of N/10 iodine which had been acidified 
with 20 ce of 10 per cent acetic acid, and back-titrated as before. 

The addition of the formaldehyde prevented the reaction of 
sodium sulphite by the formation of an addition compound. If 
analogy to the corresponding addition compound with sodium 
bisulphite were followed the reaction would be 


Na,SO; + H:CO —» H,C(OH)SO,Na........ {1} 


(c) Thiosulphate. A 25-cc portion of the diluted sample was 
treated with 10 cc of 10 per cent zinc acetate solution, the pre- 
cipitated zine sulphide and zine sulphite were filtered off, the 
precipitate was washed free of solution, and discarded. Zinc 
sulphite is sufficiently soluble so that it was necessary to treat 
the solution with 5 ce of 40 per cent formaldehyde to remove the 
remaining sulphite. Enough sodium hydroxide was added to 
make the solution alkaline to pheno!phthalein and it was allowed 
to stand. After about five minutes the solution was acidified 
with 20 cc of 10 per cent acetic acid and immediately titrated 
with N/10 iodine. 

(d) Sulphate. Sulphite and sulphide were removed from 25 
ce of the solution as in (c) up to the point of titration. This 
time no starch indicator was used, but enough N/10 iodine was 
added to produce a permanent yellow and the excess removed 
by a drop of sulphate-free thiosulphate. The solution was then 
diluted to 300 cc and 15 ce of 10 per cent barium chloride was 
added to the cold solution, stirring constantly. The precipitate 
was allowed to settle and was then filtered and ignited as usual. 

(e) Total Sulphur. A 25-cc portion of the diluted sample was 
treated with bromine water until a permanent coloration was 
produced and the solution was then evaporated to dryness. 
Thirty cc of aqua regia were added to this residue and again 
evaporated to dryness, after which the residue was heated 
strongly for 5 min. The residue was then taken up in 500 cc 
of water and 20 cc of 20 per cent barium chloride were added to 
the hot solution, stirring constantly. The precipitate was 
digested at a temperature near the boiling point for 10 or 15 
minutes and then allowed to cool and settle. The cold precipi- 
tate was then filtered, washed, and ignited as usual. 

The supplementary oxidation with aqua regia was introduced 
when it was discovered that the bromine treatment was insuffi- 
cient. This was probably due to the difficulty of oxidation of 
tetrathionate to sulphate. 

The sulphite present was given by a — b = ce N/10 sulphite. 

The sulphide present was given by b — ¢ = cc N/10 sulphide. 

The thiosulphate was represented by c = ce of N/10 thio- 
sulphate. 

In these equations a represents the iodine used in procedure 
(a), b the iodine used in (6), and ¢ the iodine used in pro- 
cedure (c). 

Use of this scheme of analysis showed that the total sulphur as 
calculated from the summation of the separate procedures for 
sulphite, sulphide, thiosulphate, and sulphate checked the ex- 
perimental value for total sulphur within 2 per cent. In some 
of the later analyses the direct determination of sulphate was 
omitted and it was calculated by difference. 


EXPERIMENTAL PROCEDURE 
Mallinckrodt’s analytical grade of anhydrous sodium sulphite 
was used in making up the solutions. This salt is, of course, 


slowly oxidized by oxygen of the air even when dry, consequently, 
a close check was kept on the purity of the stock reagent. The 
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actual composition of the solid varied between 95 and 96 per 
cent sodium sulphite, the remainder being sulphate. 

The water used in all cases was specially distilled, and con- 
ductance tests run on various batches gave a maximum value of 
0.5/10° mho. This water was boiled vigorously and introduced 
into the bombs while still hot to eliminate oxygen. 

Numerous measurements of the pH of a solution of the con- 
centration used, 4 g per liter, gave an average value of 9.5. These 
measurements were made with a glass electrode and Leeds and 
Northrup equipment. 

Sodium hydroxide was added to raise the pH of the, solutions. 
All solutions were made by pouring the correct amount of boiled 
distilled water, containing the sodium hydroxide to give the 
desired pH, onto a weighed quantity of dry sodium sulphite which 
had been placed in the bomb. The bombs were immediately 
sealed and evacuated to a pressure of from 1 to 2 in. of mercury 
to eliminate the oxygen remaining above the solution. The Hoke 
valves were then closed and the bombs placed in the furnace. 
The solutions in all cases contained 4 g of the anhydrous sodium 
sulphite per liter. 

The small bombs were then heated at a constant temperature 
for a period of 36 hr. At the end of this time they were cooled 
and the contents poured into a volumetric flask and diluted to 
500 cc with boiled distilled water. An immediate analysis for 
total reducing sulphur was carried out and the remainder of the 
analyses run at a later time. 

In the tests performed in the large bomb, 1'/2 liters of the 
solution were prepared as described above and the bomb tem- 
perature raised as rapidly as possible to the desired point. Sam- 
ples of the solution were taken at intervals through the water- 
jacketed sampling line, the line being allowed to empty itself of 
previously cooled solution each time before a sample was taken 
for analysis. Approximately 100 cc were withdrawn each time. 
The bomb was shaken each time before a sample was taken and 
at frequent intervals between sampling and while heating up. 

The 100 cc samples were diluted to 250 cc with boiled distilled 
water and an immediate analysis for reducing sulphur was 
carried out. 

REsULTs AND DiscussION 


The data are shown in Tables 1, 2, and 3. The results are 
reported as percentages of the total suiphur present as sulphite, 
sulphide, sulphate, and thicsulphate. 

The same data are presented in graphical form in Fig. 3. 
Here the per cent of total sulphur remaining as sulphite is 
plotted against time in minutes. 

Fig. 4 is a graphical representation of the distribution of the 
total sulphur between sulphite, sulphide, sulphate, and thio- 
sulphate at any given time. The data of Table 2 A are taken as 
typical. 

These data indicated that at some temperature between 
530 F and 545 F decomposition of sodium sulphite to sulphide, 
sulphate and thiosulphate begins to take place. It also indicates 
that a change in pH from 9.5 to 11 has no effect on the rate of 
decomposition. 

The course of a first-order reaction may be represented by the 
differential equation 


where a = initial concentration 
Zz = amount decomposed in time ¢ 
k = a constant known as the specific reaction rate. 


Integration of this equation and elimination of the integration 
constant gives the equation 


TAFF, JOHNSTONE, STRAUB—DECOMPOSITION OF SODIUM-SULPHITE SOLUTIONS 


263 


If the reaction is of the first order, as may well be the case for a 
decomposition, the plot on semilog paper of log[a/(a — z) | versus 
t should give a straight line with a slope of k/2.3 for any given 
temperature. Such a plot is shown in Fig. 5. 

The values of k as calculated from the slopes of the lines in 
Fig. 5 are shown in Table 4. 

For first-order reactions the variation of k with the absolute 
temperature is expressed by the Arrhenius equation 


dink) Q 
{4} 


where R = gas-law constant 
T = absolute temperature 


Q = molal heat of activation 
This equation may be integrated to the form 


[5} 


or between limits to 


1 
From Equation [5] a plot of log k against ra gives a straight line 


with a slope of — a 


2.3R 


The value of Q calculated either from the slope of the line in 
Fig. 6 or from Equation [6] is 


Q = 32,300 cal per g molecular weight. 


A further indication of the mechanism of the reaction is given 
by the relative amounts of sulphate and sulphide formed during 
the actual autodecomposition. To make this comparison it 
is necessary, of course, to eliminate the sulphate formed by 
oxidation previous to the start of the decomposition. The 
relative values, therefore, were based only on the analyses made 
over the latter part of the run, i.e., from the time the sulphide 
first appeared. These results are plotted in Fig. 7. 

This line has a slope of 3.0 indicating that the rate of formation 
of sulphate was three times that of sulphide. Those results 
indicate that the reaction which takes place is probably 


4Na,SO; —> NaS + 3NaSQy............ [7} 


This simple mechanism does not account for the formation of the 
small percentage of thiosulphate. The presence of this small 
and approximately constant percentage of thiosulphate might 
be taken to indicate a reaction mechanism analogous to that for 
bisulphites where it is an intermediate. This mechanism, 
however, has free sulphur as one of its end products. No indica- 
tion of free sulphur was noted in this work, and all work was 
done at pH values above that at which the bisulphite ion exists. 
The two cases cannot be considered sufficiently analogous to 
warrant the use of the bisulphite mechanism for sodium sulphite 
decomposition. Probably the thiosulphate is produced by the 
reaction of the sodium sulphide and the sulphite as follows 


2Na.8 + 4Na,SO; + 3H,0 —> 3Na,S,0; + 6NaOH...... {8} 


This reaction may reach equilibrium early in the decomposition 
and thus remain constant or else the analytical methods used 
were insufficiently accurate to determine the change. No work 
was done with varying concentrations of thiosulphate and it is 
only safe to say that this is a very reasonable supposition. 
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TABLE 1 


EFFECT OF TEMPERATURE ON THE DRComEcelziek 


TRANSACTIONS OF THE A.S.M.E. 


OF: ewane SULPHITE SOLUTION AFTER HEATING FOR 36 H 


Bomb 


ABLE 3 
TROLUTIONS AT VARIOUS TEMPERATURES, 


Sample 


RATE OF DECOMPOSITION OF eer ee 
é p = 


Time, 

min 
0 

30 
45 
65 
95 
145 


160 
190 


~ 


(A) Temperature = 600 F 
Per cent total sulphur 

$03" s- SO." 
“3:8 22.2 73.5 
3.1 23.1 72.0 
3.4 20.8 73.7 
3.7 19.8 74.2 
3.4 23.3 71.3 
‘3.2 22.6 72.5 
3.0 20.9 73.9 
3.4 21.2 73.2 
2.6 22.7 72.8 

(B) Temperature = 580 F 
2.9 20.9 74.1 
2.8 21.2 74.1 
3.4 21.2 73.5 
3.1 22.5 72.4 
3.1 28.7 72.0 
21.9 73.2 
3.5 23.1 71.3 
3.1 20.8 74.2 
2.9 22.4 72.8 

(C) emperature = 550 F 
3.2 19.8 74.6 
3.8 22.4 72.0 
2.9 21.7 73.3 
4.1 21.6 72.4 
3.1 20.8 74.2 
3.4 22.7 71.8 
3.2 22.1 
3.8 23.0 71.1 
3.1 21.9 72.1 

(D) Temperature 530 to 535 F 

93.1 6.9 
92.8 7.2 
93.2 6.8 
91.9 8.1 
94.2 5.8 
93.5 6.5 
94.1 5.9 
94.6 5.4 


(A) Temperature = 600 F 
Per cent total sulphur 
SO;* s- SO. 
deg 
125 
559 93.1 a 6.9 
600 93.0 i 7.0 
593 66.1 72 26.8 
600 54.8 9.5 34.0 
600 45.2 11.9 40.9 
602 22.8 18.1 59.5 
600 18.2 19.3 62.7 
600 12.6 20.7 66.7 
(B) Temperature = 580 F 
120 
564 93.2 6.8 
579 93.0 ae 7.0 
579 81.4 3.7 14.9 
579 59.1 8.3 31.4 
579 40.0 12.9 45.2 
579 26.9 16.2 54.9 
579 21.6 20.1 58.8 
(C) Temperature = 560 F 
539 92.8 ne 7.2 
559 92.9 
559 79.3 3.0 16.7 
559 65.1 6.4 26.9 
559 56.0 8.6 33.7 
559 48.6 10.4 39.0 
559 44.1 11.5 42.5 
559 41.2 12.3 44.4 
559 40.1 12.6 45.3 
Temperature = 530 to 535 F 
120 
534 93.4 6.6 
534 93.3 6.7 
534 93.7 6.3 
530 93.5 6.5 
528 92.9 
528 93.6 6.4 
527 93.6 6.4 
528 93.5 6.5 


mh toe to 


8:03" 
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TABLE 2 RATE OF DECOMPOSITION OF SODIUM-SULPHITE 


Per Cent of Total S Present as SO 


Temperature = 600 F 
Per cent total sulphur 


SOLUTION AT VARIOUS TEMPERATURES, AT pH = 9.5 
(A) 


Sample Time, Temp, SO; SO. 8:03" 
min deg 
0 0 120 
1 45 539 93.8 6.2 
2 60 600 ta.1 25.8 
3 75 600 56.6 35.3 1.0 
+ 95 600 43.1 46.2 0.9 
5 150 600 21.4 62.2 1.9 
6 170 600 16.2 64.5 2.0 
(B) Temperature = 
0 0 120 vie 
1 40 579 92.8 ae 7.2 fe 
2 50 581 84.2 2.0 13.8 oe 
3 65 579 76.2 3.7 19.0 1.2 
4 100 579 57.9 8.2 32.3 1.6 
5 125 579 46.1 3 41.0 1.8 
6 155 577 39.1 12.9 46.3 s Be 
7 200 579 28.2 15.6 54.3 1.9 
8 240 579 21.2 17.3 59.7 1.8 
(C) Temperature = 560 F 
1 45 559 93.7 6.3 
2 60 559 84.1 2.0 13.0 0.9 
3 80 561 78.1 3.3 16.7 1.2 
4 95 561 72.1 4.8 21.4 
5 115 559 67.3 6.0 24.8 1.9 
6 135 559 62.5 7.3 28.4 1.9 
7 155 559 56.5 8.7 32.8 2.0 
8 170 559 52.6 9.7 35.8 1.9 
(D) Temperature = 560 F 
0 0 125 
1 40 559 94.1 5.9 ; 
2 100 559 72.3 22.0 FS 
3 140 559 60.7 31.0 1.4 
4 155 561 56.7 33.9 1.5 
5 190 559 40.9 38.6 1.9 
6 220 559 44.0 43.0 1.9 
7 240 559 40.4 45.6 2.0 
(E) Temperature = 
0 0 125 
1 20 528 94.0 6.0 
2 30 545 93.5 6.5 
3 45 543 88.1 10.0 0.8 
a 60 545 84.3 13.6 1.0 
5 75 545 80.5 16.3 3.2 
6 90 546 77.6 18.3 1.3 
7 115 545 71.5 22.6 Tj 
s 145 545 66.1 26.5 1.9 
9 195 545 55.9 34.1 2.0 
(F) Temperature = 530 to 535 F 
0 0 129 
1 40 532 94.1 5.9 
2 55 528 93.8 6.2 
3 70 534 93.8 6.2 
4 90 534 93.7 6.3 
5 140 528 93.9 6.1 
6 180 528 94.0 6.0 
7 225 534 93.7 6.3 
8 240 532 93.8 6.2 
100 | 
276-279 
pit 530-535 
KS: 
Ne 
40 Os, 
~pH=9.5 
Jog. 
20 
0 
40 8 120 ] 200 240 260 


Time, Minutes 


Fic.3  Errect or TEMPERATURE ON THE DECOMPOSITION OF SODIUM 
Unper Borer ConpiTIONs 


4 
¥ 
2 
a 
‘ 
2.0 
1.9 
1.8 
2.0 
1.0 
3.3 
2.0 
2.0 
35 
80 1.0 
120 1.6 
190 1.7 
210 2.0 
225 1.9 
240 2.0 
45 
120 
140 
180 
we 


50 
— 316°C 
8 
90 7 = 
2 70 \ P 5B0°F. 
£ 30 Q 
+ $8 
285C ‘ 
> 
10 
0 40 60 120 100 200 Time, Minutes 
Time . Per Gent Increase 
: Fie. 5 THe Errect or TEMPERATURE ON THE DECOMPos!I- inSass 
Fic. 4 Tue DistrispuTion or THE ToTAL SULPHUR TION oF Soptum SuLPHITE Fie. 7 RELATIVE 
(Section A, Table 2.) (Plotted as a first-order reaction.) AMOUNTS OF SULPHATE 


AND SULPHIDE FoRMED 
Durine AuTo- 


DECOMPOSITION 
TABLE 4 VARIATION OF THE SPECIFIC RATE OF REACTION . - T 
WITH TEMPERATURE 0.002 
Temperature 
c F k | 
285 545 0.0031 0.003 
293 559 0.0045 } | | | 
316800 0.0139 
| 
The effect of the container on the reaction was not investigated. anes | | Pai 
The iron of the containers might well have some catalytic effect. 0007 
It was actually noticed that when a clean iron surface was used a 0.008 if ae l 
considerable loss of sulphur from the solution took place. If 0009 | wa | 
the bombs were run several times without cleaning other than 0.010 T 
flushing out with distilled water, a protective black coating was a | 
produced on the surface, and no further loss of sulphur from the 4 | 
solution was experienced. The appearance and reaction of this | 
coating indicated that it was iron sulphide, although actual an- } | 
alysis of it was not made 000169 000170 000172 0.0014 0.00176 0.00176 0.00160 
ysis e. 


Summary or RESULTS AND CONCLUSIONS Fie. 6 THe Errect or TEMPERATURE ON THE SpEctFic REACTION 


Solutions of sodium sulphite decompose into sulphide, sulphate, Rats 
and thiosulphate at temperatures above 530 F in proportions 


on the rate of reaction or the proportions of the decomposition 
that indicate that the main reaction is — 


products formed. 
4Na,SO; —> NaS + 3NaSQy.............. [9] The reaction taking place is definitely of the first order. 
The heat of activation, Q, of the Arrhenius equation is 32,300 
Variation of the pH of the solution from 9.5 to 11 has no effect —_cal per g molecular weight. 
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Discussion 


Formulas for Stresses in Bolted 
Flanged Connections’ 


T. McLean Jasrer.?. The writer would like to know if the 
analysis given in this paper has been tested out in any manner, 
or if it is simply a mathematical analysis? Would the authors 
explain how the addition of the taper to the hub, according to the 
method of calculation, increases the moment exerted by the bolts 
by necessarily transferring the bolt circle farther from the gasket 
to accommodate the nuts? If, on the other hand, the gasket 
were moved proportionally nearer the bolt circle, the pressure 
area would be increased on the cover or whatever else is used for 
stopping the end. 

The authors state that: “When the effects of bolt pull and 
internal pressure are combined, it is found that the latter adds 
considerably over 25 per cent of the bending stress caused by the 
former.” The writer found by testing steel flanged and covered 
openings on manways and small openings (from 24 in. down to 8 
in.) that as the pressure was increased on the cover and tube be- 
low the flange, the bolt loads decreased materially and also the 
total moment on the hub decreased. This the writer believes, 
was due to the elastic flexibility of the connections. For this 
reason the writer wishes to know if any tests have been made by 
the authors to verify the statement previously quoted. The tests 
referred to by the writer were made by measuring the change in 
the length of the bolts when pressure was exerted, which it is 
believed eliminates any necessity for assumptions in this matter. 
The tests referred to were made under high static pressures and 
with fairly flexible gaskets. 

The writer believes that the bolt loads would reduce even more 
with rigid gaskets. When pressure is put on a cover it bulges 
elastically more than when the bolts only are exerting the force. 
Pressure also expands the tube below the flange to a greater de- 
gree than is the case in the thicker flange section. The result isa 
small rotation of the hub and the cover, which brings them 
closer together at the bolt locations. 


J. D. Marrimore! N. O. There is a 
strong tendency in the design of present-day high-pressure 
steam lines to eliminate bolted joints because of the difficulty of 
keeping them tight. In many installations the bolted joints in 
such lines consist mainly of the bonnet joints of valves. If the 
reported experience of the operators of such plants is any cri- 
terion, these bonnet joints have been a prolific source of trouble. 

The valve designer has been faced with a difficult problem in 
this connection. It has not been practical to use a seal-welded 
type of joint in lieu of ability to determine the stresses and strains 
involved. On the other hand, there has been no really satis- 
factory or generally accepted method of rationally designing an 
integral flange. In addition the difficulty and expense involved 
in testing valve-bonnet flanges to determine the accuracy of de- 
sign methods has been prohibitive. 


1 Published as paper FSP-59-4, by E. O. Waters, D. B. Wesstrom, 
D. B. Rossheim, and F. 8. G. Williams, in the April, 1937, issue of the 
A.S.M.E. Transactions. 

? Director of Research, A. O. Smith Corporation, Milwaukee, Wis. 
Mem. A.S.M.E. 
my aan to the chief engineer, Walworth Company, New York, 


‘ Designer, Walworth Company, New York, N. Y. 


Any method of flange design which purports to include all of 
the conditions involved will certainly be worthy of a valve manu- 
facturer’s attention. The present paper does offer such a 
method. Considerable time has, therefore, been expended by the 
writers and their associates in applying the methods offered by 
the authors to valve-bonnet flange design with interesting results. 
Unfortunately, time has not permitted as wide an application of 
the method as is desirable to make this report on its usefulness 
complete. It is believed, however, that the study given to it 
thus far has been sufficient to indicate its value and to point out 
to some extent its limitations. It is not intended here, however, 
to discuss the accuracy of the results by the formulas given be- 
yond remarking that it is believed that these results are at once 
safe and sufficiently accurate for practical use. The intention is 
rather to indicate some of the mechanics of applying the method 
to a given design problem. It is hoped that this may aid others 
to reduce the labor of application to their problem. 

In designing valves, usually a series of valves and flanges is 
involved. It is naturally desirable to obtain the same order of 
stress throughout the series and likewise desirable to obtain uni- 
formity of appearance. Finally, it is desirable to make the de- 
sign as economical as possible because the castings will be re- 
produced perhaps thousands of times and because economy of 
weight in valves helps simplify the problem of supporting pipe 
lines. 

The authors really offer two methods of attack in their paper. 
The first determines the stress components due to bolt load alone. 
The second involves calculating the membrane stress due to 
fluid pressure only and the so-called discontinuity effects resulting 
therefrom. The sums of these last calculated components are 
algebraically added to the components determined by the first 
method, namely those created by bolt load only. 

If the writers interpret the authors correctly, it is intended that 
in each method of attack the moment on the flange be deter- 
mined in the same fashion. They further interpret the paper to 
mean that the first method of attack applies mainly to small- 
diameter, relatively stiff flanges under comparatively low pres- 
sure while the second method of attack is applicable to larger- 
diameter comparatively flexible flanges in which the stresses 
caused by fluid pressure are likely to be greater than those caused 
by bolt load. It is hoped that, when the proposed methods have 
crystallized into code rules, they will be accompanied by regu- 
lations determining which method to use in a given design. 

Because of time limitations and because full details of the sec- 
ond method have not been available, the efforts of the present 
writers have been expended on the first. 

The three formulas presented for the critical stresses at first 
sight appear to be rather simple. For checking a design, they do, 
as a matter of fact, work out rather easily. From a design 
standpoint, however, and particularly the standpoint of a de- 
signer of a series of flanges, further analysis modifies this first 
impression radically. There are quite a number of variables and 
fairly cumbersome terms to be handled. In view of the scope 
of the application of the method, this is not to be wondered at. 
To bring about the design of a series of flanges with uniform 
characteristics involves plunging into what are apparently mathe- 
matical horrors. This can be and has been productive of con- 
siderable simplification of the method and of attainment of the 
design ideals as well. It would, of course, be ideal to make the 
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stresses S,, Sp, and Sz all alike. By examination of the for- 
mula for S,;, it would seem that this is of a different caste than 
Sq and Spr. Accordingly, only these latter stresses can be 
made to approach each other in magnitude. 

When the K ratio is small, the tangential stress S; is likely to 
be the critical stress. In the flanges the writers have investi- 
gated, K is rather large and the tangential stress becomes of 
minor importance. 

Noting that factor X appears in all three equations, it is found 
that Sy, varies as the cube of the flange thickness while Sz and 
Sy vary as the fifth power of this thickness. An attempt to 
bring about equality between Sy, and Sz immediately points to 
the necessity of making constant as many as possible of the varia- 
bles entering into the formulas for these expressions. This, of 
course, cannot be done with all of them but some can be made to 
vary in a uniform manner. 

The large diameter of the hub, g; for instance, is a function of 
the shell thickness, go, which in turn is a function of the port 
diameter B. By making the ratio of g, to go constant and by 
further fixing the ratio h/./(Bgo) as given in Fig. 6 of the paper, 
the appearance of the hubs becomes uniform and the stress cor- 
rection factor f can be made unity with factors F and V in Fig. 4 
becoming constant. Basing the hub dimensions on such varia- 
bles is quite correct procedure and makes possible in addition 
a partial control of another difficult variable, namely the bolt- 
circle diameter, which in turn controls the outside diameter of 
the flange. al 

A further advantage of a practical nature is obtained with re- 
gard to the ratio h/+/(Bgo) which expression establishes the length 
of the hub h. By making this expression constant a simple and 
universal method of constructing the hub length becomes possible. 
This ratio represents a well-known geometrical property of a 
semicircle. If, in a semicircle, a perpendicular is dropped from 
any point on the periphery to the diameter and the point on the 
periphery is connected by lines with the ends of the diameter, 
then two similar triangles are formed for which the proposition 
h/+/(Bgs) = C willhold. This can readily be seen when the propo- 
sition is written h:Cgy = C:Bh. The construction, therefore, 
consists of drawing a semicircle with a diameter equal to Cg 
plus CB directly in the port openings. The semicircle should be 
located so that length Cgo measures outwardly from the inside 
port diameter line and the length CB measures inwardly from 
the same point. The inside diameter line of the flange will then 
intersect the semicircle constructed on this diameter line and 
the perpendicular distance from the diameter line to the point of 
intersection is the hub length. 

With the variables thus brought under control, it becomes pos- 
sible to approximate quite closely the designer’s ideal, namely, 
making Sy, and Sz equal in magnitude. The way to accomplish 
this is to calculate suitable values of the ratios. After such 
ratios have been established it is certain that the designer will 
have a better conception of the interrelation of Sy and Sz. 
This alone is a very valuable criterion in judging flanging design. 

The writers feel that the authors have presented a method of 
flange design which for the first time permits such structures 
to be put on a rational basis, It is hoped that designers in general 
will help put it into more workable form by reporting their ex- 
periences with special applications. —_. 


J. Hatt Tayutor.§ The writer has been actively interested 
in the subject of flange design since 1924, during the early stages 
of the standardization work on pipe flanges. Since the writer’s 
company has manufactured flanges for every conceivable service 


5 President, Taylor Forge & Pipe Works, Chicago, Ill. Mem. 
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condition, it has been possible to obtain a wide cross section of 
experience, as thousands of these flanges had to be analyzed 
and designed to suit many special conditions. 

It has been our constant purpose to encourage research and 
development of all the facts relative to stresses in, and the prac- 
tical design and operation of, bolted flanged connections. It 
is only through the assembly of all the factors and the knowledge 
of their relative importance both theoretical and practical that 
those factors which are the controlling ones can be chosen for 
use in actual design. 

When the present rules for bolted flanged connections were 
introduced into the A.S.M.E. Boiler Code end into the A.P.I.- 
A.S.M.E. Code for Unfired Pressure Vessels, it became neces- 
sary to check a large number of flange designs, and in the absence 
of any accurate method of calculating the hub stress in a flange 
having a tapered hub, it has been necessary to exercise considera- 
ble judgment to be sure that the flange would give satisfactory 
results in service. Based on this very wide experience, it is the 
writer’s opinion that the axial stress in the hub as calculated by 
the formulas given in this paper is not necessarily the critical 
stress around which a bolted flange must be designed. A check 
made on a large number of existing flanges using the formulas 
given in this paper indicates hub stresses far in excess of the ac- 
tual yield point of the material, and yet there is no evidence of 
failure of these flanges under actual service over a considerable 
period of time. This indicated the necessity for actual tests 
made on full-size designs to determine whether or not the hub 
stress was of a critical nature. The details of the test equip- 
ment are shown in Fig. 1 of this discussion. It will be observed 
from Figs. 1 and 2 of this discussion that two types of flanges 
were used to determine, if possible, the relative value of them. 
The flanges were calculated by the formulas given in this paper 
and were so designed as to have approximately equal strength 
using the hub stress as the criterion in the case of the hubbed 
flange, and the tangential stress in the case of the ring flange. 
These tests have not been completed, but it will be interesting 
to note that the actual deflection of the ring flange was from 
three to five times as great as the deflection of the hubbed flange 
under identical loading conditions. The writer intends to con- 
tinue this test and also to make additional tests to obtain further 
data on this subject. All interested parties are invited to submit 
their suggestions as to procedure, scope, etc., because the writer 
is very anxious to have these tests as complete as possible. 

Based on this experience the writer believes that the hub stress 
is one which is not critical. It is primarily a skin fiber stress and 
since we are dealing with a ductile material we must not lose 
sight of the fact that a slight deflection will result in a redistri- 
bution of this stress and that in this problem deflection does not 
result in the hub section of the flange taking on an inherently 
weaker shape. The work done by Jasper, Gregersen, and Zoellner* 
on plaster of paris clearly indicates the nature of this stress when 
dealing with a brittle material, but in discussing forged-steel 
flanges we are designing with a ductile material and there is good 
reason to believe that the hub stress does not form the basis for 
practical design when such designing is to be done within the 
present stress limitations of approximately 15,000 lb per sq in. 

The formulas as presented by the authors provide a means of 
determining the stresses which exist for any predetermined mo- 
ment. In the field of practical flange design the establishment 
of this moment is of great importance, due to the fact that ex- 
cessive values can be built into this moment which result in un- 
necessarily heavy flanges, and in many cases in flange cross sec- 

* “Strength and Design of Covers and Flanges for Pressure Vessels 
and Piping,” by T. McLean Jasper, H. Gregersen, and A. M. Zoellner, 


Heating, Piping and Air Conditioning, November, 1936, to May, 1937, 
inclusive. 
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This includes all types of flange facing where the gasket or con- 
tacting flange surfaces are entirely within the bolt circle, and 
excludes all cases where there is any contact outside of the bolt 
circle, as in a full-face gasket.” 

The writer has been attempting to analyze the stresses in re- 
ducing companion flanges of the screwed type in order to deter- 
mine the proper hub dimensions. According to the foregoing 
quotation, the correct analysis should be obtained by the use of 
the formulas given in this paper.' 

The writer has calculated flange stresses for flanges having 
bores less than the nominal pipe size for the flange in question 
and has compared the calculated stresses with those obtained by 
using several other flange formulas. In analyzing the flange 
stress the following data have been assumed: 


1 The flange is not subjected to internal pressure. The 
gasket dimensions are assumed to be constant for all reductions, 
that is, the same gasket is used for a 10-in. companion flange as 
for a 10-in. reducing flange. 

2 The bolt stress is assumed as 10,000 lb per sq in., which 
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tions out of proportion to the thickness of the shell with which 
they are being used. Since we are dealing with ductile material, 
deflections within the elastic limit are to be expected. The 
force of the bolts is transmitted to the flange through the bear- 
ing of the nuts on the back of the flange. 

It is generaily conceded that the bolt reaction shifts inward 
with deflection of the flange but any appreciable movement in- 
ward would be accompanied by high bending stresses in the 
bolts. The writer understands that the members of the Heat 
Exchanger Institute, who have had considerable experience on 
flange design, are assuming the bolt reaction to take place on a 
circle concentric with the bolt circle and reduced in diameter by 
one half the bolt diameter. This appears reasonable when us- 
ing high-strength alloy bolting material. 

The authors’ stress analysis is quite complete and it now re- 
mains to apply it, together with the other factors which are so 
necessary in making a complete design. 


E.C. Perriz.? On page 163 of the published paper, the authors 
state: “The formulas presented in this paper can be applied to the 
circular flanges of bolted joints under pressure, such as flanges 
on heat exchangers, condensers, vulcanizers, and piping when 
the the flanges are free to deflect under the action of the bolt pull. 


Research Testing Laboratories, Crane Company, 
Chicago, Ill. 


consequently results in a total bolt load of 88,160 lb. All flanges 
have the dimensions of the 10-in. 300-lb A.S.A. flange. 

3 Hubbed flanges have the outside hub-diameter and the 
hub-height dimensions equal to those shown for the 10-in. 300- 
Ib lapped flange in the A.S.A. Standard Bl6e. This length 
through the hub was assumed to obtain V, and F, values 
which could not be determined if the screwed-hub height were 
used. 

Calculations of Stresses in a 10-In. 300-Lb Ring Flange. The 
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(Dimensions B used, and results of calculations are given in Table 1.) 


stresses in ring flanges, shown in Fig. 3 of this discussion, with 
bores ranging from 10*/, in. down to 2 in. have been calculated by 
the writer using the following four formulas, the first of which is 
given by the authors 
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S = S (b? -—g?) +2(1 
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S= + + (m—1) = 


The results of the calculations for flanges with bores ranging 
from 10°/, in. to 2 in. are tabulated in Table 1 of this discussion 


TABLE 1 COMPARISON OF STRESSES IN A 10-IN, 300-LB RING 
FLANGE OBTAINED WITH FOUR DIFFERENT FORMULAS* 
Formula Formula Formula Formula 
[1], 1b per [2], lb per [3], lb per [4], Ib per 
Bore, in. sq in, sq in, sqin. sq in, 
10.75 18160 17150 18550 18550 
10 17060 16050 17100 17100 
i) 16050 15060 15570 15570 
8 15350 14350 14550 14550 
7 1! 14060 13770 13770 
6 14930 14000 13070 13070 
5 15250 14340 12580 12580 
4 15900 15200 12160 12160 
3 16550 16980 11900 11900 
2 18400 20700 11700 11700 


* The formulas used in calculating the wa given in this table are for- 
mulas [1], [2], [3], and [4] of the writer's (E. C. Petrie) discussion. 

Norse: Calculations based on a bolt load W of 88,160 lb, obtained by 
assuming a bolt stress of 10,000 lb per sq in. 


wherein the values in columns numbered 1, 2, 3, and 4 were ob- 
tained by using formulas [1], [2], [3], and [4], respectively, of 
this discussion. The results are also shown graphically in Fig. 4 
of this discussion, wherein the curves 1, 2, 3, and 4 represent 
values obtained with formulas [1], [2], [3], and [4], respec- 
tively. These curves show that the authors’ formula! and Timo- 
shenko’s formula’ give decreasing stresses for flange bores down 
to approximately 6 in., and increasing stresses for bores smaller 
than 6 in. The Holmberg-Axelson® and Roark” formulas 
(which are identical) give decreasing stresses for decreasing flange 
bores. Due to the fact that it may be desirable to furnish 
flanges without hubs for the greater reductions, the writer ques- 
tions the validity of the authors’! and Timoshenko’s* formulas 
mentioned for this application. 

Calculations of Stresses in a 10-In. 300-Lb Reducing Hubbed 
Flange. Using the following three formulas 


***Methods of Determining the Strength of Pipe Flanges,’’ see 
comments by S. Timoshenko, Mechanical Engineering, vol. 49, De- 
cember, 1927, p. 1347. 

* ‘Analysis of Stresses in Circular Plates and Rings,’’ by E. O. 
Holmberg and K. Axelson, Trans. A.S.M.E., vol. 54, January, 1932, 
paper APM-54-2, pp. 13-28. 

1@ “‘Stress and Deflections in Flat Plates,’’ by R. J. Roark, Product 
Engineering, vol. 7, July, 1937, pp. 252-254 and 283-284. 
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which are given as Equations [8], [9], and [10] of the paper 
under discussion, the writer has calculated the stresses in a 10-in. 
300-lb reducing hubbed flange, shown in Fig. 5 of this discussion, 
with bores ranging from 10%/, in. down to 2 in. The flange di- 
mensions are shown in Fig. 5 and the calculated results are listed 
in Table 2 of this discussion. Fig. 6 of this discussion shows 
the variation in flange and hub stresses for reducing flanges. 
It will be noted that when the bore of the reducing flange is 
smaller than approximately 5'/; in. the radial stress in the re- 
ducing flange ring, Sr, is greater than the longitudinal hub stress 
Su in the 10-in. companion flange hub where the bore is 10*/, in. 
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(The numbers on the curves refer to the respective formula numbers of this 
cussion.) 
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(Dimensions B used, and results of calculations are given in Table 2.) 


TABLE 2 DIMENSIONS OF 10-IN. 300-LB a aoe FLANGE AND STRESSES THEREIN AS CALCULATED BY THE 
UTHORS' FORMULAS? 


Wa h A 
in. M (Boo) VL FL x 
10.75 14350 0.93 0.593 1.00 1.40 0.865 1.63 1.66 
10 15428 1.31 0.517 1.20 1.50 1.716 1.75 1.60 
9 17150 1.81 0.464 1.60 1.65 3.276 1.94 1.53 
8 19250 2.31 0.436 1.85 1.70 5.336 2.19 1.44 
7 22000 2.81 0.422 2.00 1.75 7.896 2.50 1.36 
6 25700 3.31 0.417 2.10 1.80 10.960 2.92 1.23 
5 30800 3.81 0.430 1.90 1.72 14.520 3.50 1.10 
a 38500 4.31 0.451 1.70 1.68 18.580 4.38 0.95 
3 51400 4.81 0.493 1.25 1.55 23.140 5.84 0.76 
2 77200 5.31 0.574 1.05 1.45 28.200 8.75 0.59 


are based on 


{9], and [10] of the 
Nore: Calculations based on f 


tl W of 88,160 lb obtain 


aper, which are given as formulas [5 
by assuming a bolt stress of 10, O08 i; 


Y U xX (t/go)** (B/go) SH Sk Sr 
21 4.14 4.58 0.644 1.940 7.300 3.400 10700 5820 5300 
97 3.62 4.00 0.725 1.380 2.630 2.760 6540 6850 3440 
73 3.06 3.39 0.741 1.000 1.000 2.230 3880 7700 2750 
53 2.61 2.89 0.736 0.784 0.481 1.860 2650 8460 2400 
38 2.24 2.66 0.722 0.644 0.267 1.580 2010 9430 2060 
27 1.90 2.11 0.655 0.548 0.164 1.350 1540 10150 1970 
18 1.62 1.78 0.623 0.476 0.107 1.150 1320 11430 1750 
11 1.35 1.48 0.523 0.420 0.074 0.960 1080 12180 2400 
06 1.06 1.13 0.423 0.376 0.053 0.787 940 13200 2550 
02 O.78 O.86 0.317 0.341 0.039 0.608 870 15550 2550 


[6], and [7] of this discussion. 
per sq in. 
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FLANGES, Usinc THE AuTHORS’ FORMULAS 


(The authors’ formulas used are those given as formulas [5], [6], and [7] of 
this discussion.) 


General Comments. In the very recent past some users have 
required that the maximum stress in the flange be less than the 
stress in the bolts. A ratio of 0.85 to 1 has been suggested which 
would necessitate a maximum flange or hub stress of 8500 Ib per 
sq in. in the previous analysis. Would this be considered as a 
reasonable design ratio or should this relationship vary for the 
various flange sizes? 


JosepH Marin.'! One aspect of the authors’ analysis which 
needs consideration is the effect of creep on the stress distribu- 
tion and the deformations produced. For this reason, the writer 
has made a preliminary study of the stresses and deformations 
produced in a circular ring of rectangular cross section submitted 
to the action of twisting couples uniformly distributed along its 
center line; however, the writer realizes that this is not the iden- 
tical problem considered in the paper. Such an analysis will give, 
however, an estimate of the deformations and stresses occurring 
if creep is considered. 

To determine the stresses and deformation in this simplified 
flange, consider the forces acting on half the flange shown in 
Fig. 7a of this discussion. From the condition of equilibrium 
with respect to the moments about a diameter oz, there must be a 
bending moment on sections A and O of magnitude 


ate 
2 Jo 


where a is the radius of the center line and M, is the twisting 
couple’ per unit length of the center line. Thus, due to the twist- 
ing moment M,, a bending moment M is produced in the ring. 
To determine the stress distribution due to this loading, the 
following two assumptions will be made: (1) The torque pro- 
duces a rotation for each cross section 6, about C, as shown in 


or 


‘l Agsistant Professor of Engineering Materials, Rutgers Univer- 
sity, New Brunswick, N.J. Mem. A.S.M.E. 
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Fig. 7b of this discussion, which rotation will be considered as 
small. (2) The determination of stresses can be made by con- 
sidering the problem as a beam subjected to pure bending. 

Due to the rotation 6, a point B in the cross section will move 
to Then 


This deformation is the same kind as that produced in the fibers 
of a beam subjected to pure bending. 

A relation between the moment and the angle of twist can be 
determined assuming (1) that a plane cross section before bending 
remains plane, and (2) that the relation between the creep rate 
C and stress o can be expressed by C = Ao”, where A and n 
are experimental constants. These assumptions,!* together 


(ce) 


Fie. 7 Forces ACTING ON A FLANGE 


with the conditions of equilibrium, give the angle of twist as 


1 in 
M,a (: (2 + 4} 
At.... [11] 
1 1 1 


where ¢ = the time, A and n are experimental constants, 6 = 
the angle of twist beyond the initial condition, and a, c, h, and d 
are dimensions of the flange. In this way, the deformations 
produced are completely defined by Equation [11] of this dis- 
cussion. 

To determine the stress distribution, the relation C = Ao” 
of the creep rate to the stress in place of Hooke’s Law is assumed. 

Then the maximum bending stress is 


1 

h n 
= (*) M, 1 


6= 


a 


1 1 

n n 


It is of interest to compare this stress value with that given based 
on elasticity. By the elastic theory the maximum stress is 


12 “Strength of Materials,’ by S. Timoshenko, D. Van Nostrand 
Company, Inc., New York, N. Y., vol. 2, 1930. 

13 Experiments on lead show that these assumptions are closely 
realized. See ‘‘An Investigation of the Nature of Creep Under Stres- 
ses Produced by Pure Flexure,’’ by H. J. Tapsell, Journal of the In- 
stitute of Metals, vol. 57, August, 1935, pp. 121-137. 
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o, = (Mh/2I) = (6 aM,/h?b). A comparison of these stress 
distributions is shown in Fig. 8 of this discussion. The calcula- 
tions were made for a ring of medium carbon steel with n = 6, 
d = 6'/, in., c = 35/yin., and h = 17/ in. It is seen from 
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Fic. 8 CoMPaRISON OF Maximum CREEP STRESS AND STRESS 
OBTAINED BY APPLYING THE ELASTIC THEORY 


Fig. 8 of this discussion that the maximum stress in creep is 
about 75 per cent of that obtained by using the elastic theory; 
that is, the stress distribution is more favorable in creep. 


Artaur McCourcnan.'* This discussion is confined to the 
practical significance of the computed stresses in flanges. The 
burden of this paper seems to be that the longitudinal bending 
stress in the hub at the juncture of the hub and shell or pipe is 
the critical factor in flange design. The writer is inclined to 
question its significance. While it may be desirable to keep 
this stress within reasonable limits, the important consideration 
is to secure adequate resistance to cupping or deformation of the 
flange as a whole. In other words, stresses in flanges and hubs 
are only of interest as they can be related to deformation of 
the flange-ring proper. The latter factor is the important con- 
sideration in maintaining a pressure-tight joint. 

For instance, the authors state in their second example, that: 
“Sz = 11,000 lb per sq in. at the small end of the hub, Sg = 
1600 lb per sq in., and S; = 750 lb persqin. It is quite obvious 
that in this particular flange the ring stresses are negligible.” 

Now assume that all these stresses are just five times as large. 
Then the longitudinal stress, Sy at the top of the hub would be 
55,000 lb per sq in., the radial stress Sp = 8000 lb per sq in., 
and the hoop stress S; = 3750 lb per sq in. According to the 
authors, this flange would be unsatisfactory because of the exces- 
sive longitudinal stress at the top of the hub. Yet, does anyone 
seriously think that the flange would deform and thereby relieve 
the gasket loading with such low stresses in the flange ring itself? 

The writer discussed the significance, or lack of significance, of 
high stress in a flange hub with 8. Timoshenko at the time the 
Waters-Taylor paper was published in 1927. The following 
reply to an inquiry received by the writer in regard to stresses 
in a 12-in., 1350-lb loose-hubbed flange is apropos of the present 
discussion: 

“The maximum stress for these proportions is the same as for 
a flat ring, so that the addition of a hub does not reduce the stress. 

“Moreover I find that stress conditions become worse with 
the addition of a hub when the shearing stresses are taken into 
consideration because instead of a maximum shearing stress 
(1.225/2)t = 0.612¢ for the flat ring we obtain in the case of a 
hubbed flange 


maximum shear = (1.225 + 0.606)t/2 = 0.915¢ 


14 Engineer, Engineering Division, The Detroit Edison Company. 
Jun. A.8S.M.E. 
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“It should be noted, however, that by adding the hub we 
increase the stiffness of the flange because the angle of twist 
will be reduced to 0.494 times the value which we obtained for 
the flat ring. It can be concluded that in a hubbed flange the 
yielding of material will begin at a smaller load than in a flat 
ring but that the ultimate strength and the stiffness of the hubbed 
flange will be considerably greater than those of the plain ring.” 

It is this rigidity or resistance to cupping which is of primary 
importance in flange design. It appears reasonable that exces- 
sive stress in a flange hub will on!y result in a slight bulging of 
the hub without necessarily affecting to any extent the tightness 
of the flanged joint. This point might be verified quite simply 
by a few tests of load versus angular deflection. 

The authors’ proposed formulas take into account the weaken- 
ing effect of tapering the hub. It may be of interest to point 
out that as far as resistance of a flange to cupping is concerned 
there is at least some indication that a tapered hub is equivalent 
to a straight hub having a thickness equal to the large end of the 
tapered hub. Again this statement should be checked by test. 


F. L. Maxer.'® The paper under discussion is a further 
refinement of the rules which were embodied in the first edition 
of the A.P.I.-A.S.M.E. Pressure Vessel Code, the results of which 
rules were so widely at variance with much common practice 
that this section of the Boiler Code was by common consent 
dropped from a mandatory to an advisory section. The writer 
has not checked the authors’ formulas with those given in the 
first edition of the A.P.I.-A.S.M.E. Pressure Vessel Code to 
determine whether or not they give similar results, but two of 
the authors of the paper have informed the writer that the new 
presentation would indicate the necessity of even heavier flanges. 

Where there is such great discrepancy between the results of 
a theoretical analysis and the results of tests, it is necessary to 
look into the assumptions on which the analysis is made to 
ascertain if they comply with the facts. The primary purpose 
of a pressure-vessel code is to insure safety. Before a new 
theoretical analysis is applied that indicates the necessity for 
much larger flange and hub sections than have previously been 
used, there should be some check with practice to determine 
whether failures have occurred, as would be indicated by the 
theory. 

The authors state: ‘One of the most important actions of 
this committee was a recognition of the importance of the longi- 
tudinal bending stress in the hub.” Their computations in the 
typical example, as indicated in Fig. 8 of the paper under dis- 
cussion, show a maximum stress at the juncture of the tapered 
hub to the cylindrical shell. No evidence is presented to show 
that any pressure vessel has failed at this point, and before ac- 
cepting the requirement for increased sizes of flanges, some evi- 
dence of such failure should be brought forward. In many 
years of experience with pressure vessels, the writer has never 
heard of a failure at this point. On the other hand, the writer 
has known of failures occurring at the juncture of the hub to the 
ring of the flange. These failures were in the nature of small 
cracks caused by excessive tightening of bolts and dishing of 
flanges that were frequently unbolted and rebolted. It is well 
known that at such a re-entrant corner high stresses are de- 
veloped. The method of analysis presented by the authors 
takes no account of this stress concentration. 

The discrepancy between the test results and the theory re- 
quires some explanation. This explanation lies in the difference 
between the definition of failure as used in a theoretical analysis 
and that which actually occurs in practice. In an analysis 


16 Designing Engineer, Engineering Department, Standard Oil 
Company of California, San Francisco, Calif. Mem. A.S.M.E. 
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based on the theory of elasticity, the computations are no longer 
applicable after the elastic limit of the material is passed, and 
passing of the elastic limit is commonly assumed to constitute 
“failure.” As a matter of fact, passing the elastic limit may be 
in some Cases a necessary condition to developing an economical 
structure. It is commonly assumed that computed stresses 
higher than the elastic limit are necessarily dangerous. In many 
cases this is to be denied. Stresses above the elastic limit may 
be dangerous in the case of repeated stress or alternating stress, 
not because they are above the elastic limit but because generally 
this also means that the stress is above the fatigue limit of the 
material, and continual application or reversal of stress will 
eventually result in failure. Whether real failure involving a 
hazard to safety will result, depends upon whether or not the 
yielding of the portions of the structure that are most highly 
stressed tends to relieve the stress or whether it tends to increase 
the stress. With ductile materials, of which our pressure vessels 
are always made, a very slight yielding will generally relieve 
high stress concentrations that are due to bending. This is to 
be distinguished from the effect of yielding where there is no 
relief of stress caused by the yielding. A circular tube, for 
example, if stressed by pressure to an extent where the yield 
point of the material is exceeded does not have any relief of 
stress but actually has an increase of stress due to the fact that 
the diameter of the tube is increased and the thickness is simul- 
taneously decreased, both resulting in increases in the stress. 
The high stress concentrations computed by this formula are 
due to combinations of bending stresses which are added to 
membrane stresses due to pressure. With ductile material this 
merely means that if the elastic limit is exceeded and even a very 
slight amount of plastic flow results, the bending stresses are 
greatly reduced. As a specific example of exactly this kind of 
bending stress, and a demonstration that it does not result in 
failure, the following is submitted: Cook'*'? determined the 
circumferential stresses in the pipe as effected by placing re- 
inforeing rings around the pipe with spaces between them. This 
permits the pipe to bulge between the rings when the pipe is 
under pressure. It was pointed out later that this bulging in- 
volved a bending in the longitudinal direction, and that the 
bending stresses were very high directly under the edge of each 
ring on the inside of the pipe—in fact, these bending stresses 
were computed to be considerably higher than the circumferential 
stresses. Nevertheless, under test such a banded pipe does 
not fail by cracking circumferentially on the inside of the pipe, 
but actually fails by cracking longitudinally at the bulged portion. 
Results of such tests are given by Spier.'* What actually hap- 
pens is that a very slight amount of yielding prevents the bending 
stresses from going higher than the yield point since, with the 
ductile steel used in most of such construction, a considerable ex- 
tension (many times the elastic extension up to the yield point) 
will occur without appreciable increase in stress before the ma- 
terial begins to work harden and have its resistance increased. 
Another point overlooked by the authors is that in the applica- 
tion of the usual 150 per cent hydrostatic test to pressure vessels, 
local yielding will occur at the point of highest stress. Thus, 
when the vessel is subjected only to its normal working pressure 


1¢“The Distribution of Stresses in a Flanged Pipe,’’ by G. Cook, 
section II of committee report on Complex Stress Distribution in 
Engineering Materials, Reports of the British Association for the 
Advancement of Science, 1921, pp. 299-305. 

‘7 “Stresses in Pipe Reinforced by Steel Flanges,’’ by G. Cook, 
section I of committee report on Complex Stress Distribution in 
Engineering Materials, Reports of the British Association for the 
Advancement of Science, 1923, pp. 345-350. 

8 “Building a Penstock to Develop a Static Head of 2651 Feet,” 
by O. Spier, Jr., Engineering News-Record, vol. 100, February 2, 
1928, pp. 191-195. 
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(and the usual operating pressure is generally well within the 
designed working pressure) the stress in the most highly con- 
centrated location will be only two thirds of the yield stress, 
which will be well below the fatigue limit. Of course, this means 
that when the vessel is not under pressure there are residual 
stresses of opposite sign, but this condition is also what actually 
occurs in practically all pressure vessels that have been subjected 
to test pressures higher than the normal operating pressure. 

Two of the authors, in an oral discussion, recognized the fact 
that the high computed stresses did not necessarily govern the 
design, and suggested that for these points of high stress con- 
centration caused by bending, the allowable working stress be 
raised to 45,000 lb per sqin. This is higher than the yield point 
of much of the steel used for pressure vessels, but it might not 
be high enough to take as a hypothetical stress limit because it 
only allows for a permanent set of about 0.05 per cent if the 
elastic limit be taken as 30,000 lb per sq in. The practical 
answer is, of course, to check by test whether the high local stress 
concentrations, including bending stresses, actually involve any 
hazard to the vessel, and if there is no evidence to indicate that 
they do, to ignore them altogether. There is a considerable 
amount of evidence that such stresses are not hazardous, and 
in any case if a vessel has been once tested to 50 per cent over 
the subsequent working pressure, how can a hazardous stress 
exist at the normal operating pressure? The writer is aware 
that to speak of a stress of the order of 25,000 or 30,000 lb per 
sq in. in operation with ordinary steel may sound extremely 
hazardous to those who have been accustomed to think that the 
working stress of 11,000 lb per sq in. used for nominal design 
purposes in the Boiler Code for many years actually represents 
the maximum stress in the pressure vessel or boiler. Actually, 
most boilers and pressure vessels, particularly before the days 
when the knuckle radius of the head was increased or the elliptical 
head was substituted, did take permanent sets under the 150 
per cent test pressure and do have normal working stresses of 
the order of two thirds of the yield stress in operation. There 
seems to be a tendency to try to get away from the hydrostatic 
testing of pressure vessels on the part of inspectors and to rely 
upon comparing certain dimensions with certain formulas given 
in the Code. There is little doubt, however, that for many 
years the weaknesses permitted by the official codes, particularly 
in the knuckles of heads and around unreinforced openings, and 
even today in the A.S.M.E. Boiler Code in the form of the 
flanged-in elliptical head permitted on boilers, involves stresses 
that reach the yield point under hydrostatic test. 

To summarize the writer’s remarks, stresses of the nature 
computed by the formulas presented by the authors probably 
exist in the pressure vessel when first brought up to its working 
pressure. The application of the usual 150 per cent hydrostatic- 
pressure test causes yielding at such points of high stress con- 
centration, and in normal operation the stress will not be greater 
than two-thirds of the yield stress. The writer’s experience over 
many years has shown that local stress concentrations of a nature 
that tend to be relieved by further yielding do not constitute a 
hazard, and there is no evidence to show that any flanged vessel 
has failed at the point where maximum stresses are indicated by 
the authors’ formula. 

Finally, the formula, even if it were applicable, is entirely 
too complicated for normal use even with the aid of the charts. 
The practical answer to this problem would seem to be a final 
table or set of curves indicating principal flange dimensions di- 
rectly without any computation, given the pressure and the 
strength of the material. Most emphatically in the present 
state of the art neither this formula nor any other that does 
not include the results of experience should be included in any 
mandatory pressure-vessel code. 
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AvutTHoRs’ CLOSURE 


The authors wish to thank those who have contributed a dis- 
cussion of their paper, for the great interest shown in the results 
of their work and the constructive comments on the significance 
of the formulas and their application to practical flange design. 

It is desired first to call attention to an error in Fig. 8 of the 
paper. These curves have been recalculated by a more exact 
method, and it is found that the curves for ‘‘Moment due to M” 
and ‘Total Moment” do not have the peak shown near the zero 
ordinate, and the curves for bending stress do not have the 
reversal indicated, but are concave upward. The values of 
moment and stress at the large end of the hub are the same, but 
the values at the small end should be revised as follows: Mo- 
ments, due to M, —765 lb; due to P, —212 lb; total, —977 lb. 
Bending stresses, due to M, 11,770 lb per sq in.; due to P, 3256 
lb per sq in.; total, 15,026 lb per sq in. This changes the total 
stresses at the junction of shell and hub tabulated at the end of 
the paper to read: 


Axial stress, outer surface = 17,436 lb per sq in. 
Axial stress, inner surface = —12,626 lb per sq in. 
Hoop stress, outer surface = 12,481] lb per sq in. 
Hoop stress, inner surface = 3462 lb per sq in. 


The corrected data and a revised figure may be found in the 
authors’ complete report,!* in appendixes U and V. 

The authors desire also to announce that Figs. 4, 5, 6, and 7 of 
the paper, containing curves of the data used in applying the 
flange formulas, have been reproduced to a larger scale and with 
finer divisions, and may be obtained from the Taylor Forge and 
Pipe Works, Chicago, Illinois. 

There is no real inconsistency between the additive effect of 


19 ‘‘Development of General Formulas for Bolted Flanges,”’ Taylor 
Forge and Pipe Works, Chicago, III. 
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bolt pull and internal pressure, as stated in the authors’ example 
3, and Professor Jasper’s experiences with covered openings on 
manways. Throughout the authors’ paper, the bolt loads are 
those assumed to be obtained when pressure is acting on the 
joint. This, incidentally, is the basis of design in the rules for 
flanged joints in the A.S.M.E. Code, a fact that is not generally 
understood. Thus, the results in example 3 were obtained on 
the basis of a bolt load set at a definite value in accordance with 
the conditions of example 2, and then maintained at this value 
—artificially, if necessary, as by further screwing down of the 
nuts—during the superposition of internal pressure. If the 
bolts were left alone during the addition of internal pressure, 
the readjustment of stress noted by Professor Jasper in his 
experiments might well take place. It is conceivable that the 
initial bolt load might either increase or decrease upon applica- 
tion of pressure, depending upon the relative flexibilities of the 
bolts, flanges, and gasket. If the gasket is flexible, so that its 
compressive force is reduced but little when the applied pressure 
strains the flanges and bolts, the added pressure load might in- 
crease the total load on the bolts. On the other hand, a hard 
rigid gasket would require but little deflection of the flanges to 
reduce the compression considerably and likewise the bolt load. 
Any such reduction would, of course, signify a trend toward 
incipient leakage. Under the circumstances, specific tests to 
substantiate the authors’ results would seem to be unnecessary, 
since both these and those reported by Professor Jasper are 
entirely explicable on the basis of elastic behavior. 

The analysis presented in the paper is purely mathematical. 
However, in Appendix X of the authors’ complete report’? it is 
shown that the formula for axial stress in the hub as derived in 
the paper is in fair agreement with the modification of Professor 
Timoshenko’s formula developed by Professor Jasper and 
Messrs. Gregersen and Zoellner® as a result of their excellent 
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series of tests on plaster-of-paris models. These models were 
made with varying sizes of fillet at the junction of ring and hub, 
and from the test results there was derived a modification of 
Professor Timoshenko’s formula for the axial stress in a hub of 
uniform thickness. The authors’ work also may be applied to 
hubbed flanges with large circular fillets by assuming the fillet 
to be equivalent to a tapered hub tangent to the fillet at an angle 
of 45 degrees. 

The similarity in results may be seen in Figs. 9 and 10, in 
which the authors’ formulas are those given in Equations [5], 
[6], and [7] of this discussion, except that F, in Equation [6] 
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should be replaced by /. In these figures the ordinates represent 
the stress produced by a unit external moment Wa on the flange, 
assumed for convenience to be 1000 in-lb. The curves for the 
authors’ formulas are drawn with dashed lines except the part of 
each equation that determines the maximum stress in the fange 
as a whole, and this is drawn solid. 

In Fig. 9 the Holmberg-Axelson formula,® which is applicable 
for a zero fillet radius, coincides almost exactly with Equation 
[5], and therefore these are drawn as one line. There is good 
agreement also with Professor Timoshenko’s formula. Equation 
[7] is not critical, but Equation [6] for the radial stress becomes 
critical for the smaller flange thicknesses, as would be expected. 
For a fillet radius of 1 in., there is a substantial reduction in the 
axial hub stress in Equation [5], which agrees very well with the 
modified Timoshenko formula. However, there is very little 
reduction in the tangential stress, Equation [7], and practically 
none in the radial stress, Equation [6], so that the provision of a 
fillet cannot be said to strengthen the flange when the ring is 
thin. 

In Fig. 10 there is good agreement for a zero fillet radius be- 
tween Equation [5] and the Holmberg-Axelson and Timoshenko 
formulas. Equation [7] for tangential stress is not critical, 
but Equation [6] for radial stress becomes critical at large 
values of shell thickness, the ring being thin by comparison. 
For a fillet radius of 0.75 in., there is a slight increase in radial 
stress, and this stress remains critical at lower values of shell 
thickness because there is a substantial reduction in the axial 
stress, Equation [5]. There is also a reduction in tangential 
stress in the ring, Equation [7]. The agreement between 
Equation [5] and the modified Timoshenko formula disappears 
at low values of shell thickness, and this is probably due to the 
fact that the Timoshenko formula as modified by Messrs. Jasper, 
Gregersen, and Zoellner does not take into account the excessive 
stiffening effect of the relatively large fillets in this region, which 
requires the bending action to take place almost completely in 
the shell. 

It must not be inferred from Figs. 9 and 10 that the tangential 
stress is never critical, as this feature has not been explored 
sufficiently to warrant such a general conclusion. 

Although their work is entirely mathematical, the authors are 
of the opinion that their formulas are in substantial agreement 
with all other recognized formulas dealing with special cases and 
have the added advantage of being applicable to hubs having 
either a uniform thickness, a straight taper or a circular fillet, 
and either loose or integral with a cylinder, and if loose, either 
equal to, greater, or less than the so-called “critical length,” 
including the loose-ring flange of zero hub length. This was the 
authors’ objective. 

The relation between the hub thickness, bolt circle and gasket 
circle, as noted by Professor Jasper, and the influence of these 
upon the design of a flange, are too well known to require any 
detailed comment. It is well recognized that these dimensions 
must be prorerly related so as to result in an economical and 
practical design meeting all requirements. 

The authors are indebted to Messrs. Mattimore and Smith- 
Petersen for undertaking an independent study of their charts 
and formulas, and reporting a method for simplifying the cal- 
culations where a series of similar flanges is to be designed. It 
is hoped that many other designers will undertake similar in- 
vestigations and make their findings known. The design 
criterion of S, = Sp is an interesting one and would seem to 
have a sound basis in reason; nevertheless, the authors are not 
yet prepared to state that this equality inevitably results in the 
most economical design. Such equality may even be impossible 
in some cases, if there are too many conditions to fulfill, for after 
all but one are satisfied, the remaining one would then be pre- 
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determined. One example is where the ratio of shell diameter 
to shell thickness is limited by the hoop stress due to internal 
pressure. The desirability and possibility of making all three 
stresses equal are even more questionable, from the standpoint of 
either economy or practicability. One of the authors inves- 
tigated along these lines several years ago, with unsatisfactory 
results. 

Messrs. Mattimore and Smith-Petersen are correct in stating 
that the stresses determined by the first and second ‘‘methods”’ 
are added algebraically. The two ‘methods,’ however, are 
not different methods of attack; the second is supplemental to 
the first. The first “method,” begun on page 165 of the paper, 
determines the stresses due to the bolt moment, disregarding the 
effect of any hydrostatic pressure that may be acting on the 
inside cylindrical surface of the flange. For loose flanges, as in 
Van Stone joints, the analysis by this “‘method’’ will be complete. 
If for flanges integral with the shell it is desired to include the 
effect of hydrostatic pressure, the additional stresses are computed 
by the second “‘method,”’ beginning on page 167. A review of the 
first paragraph thereof will show this to be the case. Examples 
2 and 3 of the paper illustrate respectively the first “method” 
and the first and second ‘‘methods” combined, i.e., the stresses 
excluding and including the direct effects of the hydrostatic 
pressure. In both “methods” the bolt moments on the flange 
are identical; in the second ‘‘method” the bolt moment there- 
fore exists but does not enter into the analysis. It follows from 
the foregoing that neither ‘“‘method”’ can be said to apply mainly 
to any particular range of flange diameter, flange stiffness or 
hydrostatic pressure, as suggested by Messrs. Mattimore and 
Smith-Petersen. 

Mr. Petrie’s calculations give a clear picture of the results 
that may be expected when the authors’ formulas are applied 
to reducing flanges, and compel them to state the fact—which 
was in their minds during the preparation of the paper, but not 
definitely expressed—that their analysis does not include the 
problem of the blank cover or the reducing flange. Clearly, 
the large annular area affected by hydrostatic pressure, in this 
latter type of flange, cannot legitimately be replaced by a single 
load concentrated at the inside diameter. Nevertheless, Fig. 4 
of the discussion shows that, at least for a ring flange, the authors’ 
formula is reasonably consistent with the others for bore di- 
ameters of the order of 75 per cent of the standard. An esti- 
mate of the accuracy to be expected when assuming the loads to 
be applied at the extreme inner and outer diameters of a ring 
flange may be obtained from Appendix R of the authors’ com- 
plete report.!* The formulas of Messrs. Holmberg and Axelson® 
are used in this appendix, and incidentally it may be remarked 
that for the aforementioned condition of loading, the result is 
identical with the authors’ formula as applied to ring flanges. 
Possibly the same degree of accuracy would hold for hubbed 
reducing flanges. In the present state of the authors’ knowledge, 
however, they are compelled to reject the results of Table 2 and 
the curves of Fig. 6 as any sort of accurate portrayal of stresses 
actually existing for the smaller bore diameters. 

To solve the case of the hubbed reducing flange, it is neces- 
sary to do what Messrs. Holmberg and Axelson have done for 
the ring flange, i.e., subdivide the flange into concentric rings, 
each with its typical loading, and by eliminating common terms 
and factors from the various equations,obtaining a single formula 
for each stress. This can be done with the authors’ Equations 
[8], [9], and [10] of the paper, and would perhaps make a worth- 
while supplement to the present paper. 

Regarding Mr. Petrie’s inquiry as to a ratio of 0.85 to 1 of 
flange stress to bolt stress, the authors are not prepared to 
advance any opinion at this time. The flange-stress to bolt- 
stress ratio is a subject that is receiving increasing attention, 
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but the authors have not formed any fixed ideas on the matter. 
There seems to be no reason, however, why the ratio should 
vary for the various flange sizes, but it does appear that it might 
be varied according to the relation between the yield strengths, 
or perhaps the tensile strengths, of the flange and bolt materials. 

Professor Marin’s preliminary analysis of the effect of creep 
is interesting; there is no doubt that the stress distribution 
under plastic flow is quite different from that obtaining under 
pure elasticity. But before accepting his conclusions unreserv- 
edly, the authors wish to point out that, regardless of ulti- 
mate service conditions, flanges are initially tightened when 
cold and the material is elastic, and a high initial bolt force may 
be required to seal the gasket or contacting surfaces. Further- 
more, if, after tightening, the temperature is such that creep 
commences, the vast majority of flanged connections are so 
designed that the moment M, is not constant but has a gradually 
diminishing value until such time that leakage is incipient and 
the joint is retightened. Under these conditions, a stress dis- 
tribution corresponding to a steady state of creep, such as that 
pictured by Professor Marin, is not approached until the lapse of 
considerable time, depending not only on the intrinsic creep- 
resistant properties of the material, but also on the relative 
relaxations of the flange, bolts, and gasket. 

Thus, when relaxation takes place, the initial angle of twist 
in the elastic state may increase or decrease, and it is conceivable 
that the conditions may be so balanced that no change in the 
angle of twist will occur. The action is similar to that in fusion- 
welded structures distorted by the welding, where often the 
distortion remains even after the structure has been stress- 
relieved by heat-treatment. Therefore it is evident that for 
a practical flange problem in creep, the solution is tremendously 
complicated and in addition to considering the plastic flow and 
relaxation of the flange, it is necessary to consider also the plastic 
flow and relaxation of the bolts, to say nothing of incipient 
leakage at the gasket or sealing surfaces. 

It may be possible to find some relation by which the residual 
stresses in a flanged joint operating at high temperature might 
be evaluated in terms of the authors’ formulas based on the 
elastic theory, but whatever the method of attack, it is clear 
that the major portion of the work remains to be done. Pro- 
fessor Marin is to be complimented on his contribution to the 
subject. His method of analysis may have great value as a 
yardstick for comparing flanges of different design and for 
correlating actual experience in the use of flanges at high tempera- 
tures. 

The discussions contributed by Messrs. J. Hall Taylor and 
Arthur McCutchan have a similarity of basic context which 
leads the authors to reply to these two papers jointly. The 
authors wish to thank both gentlemen for the very helpful com- 
ments and issues they have raised. However, it is desired to 
point out that the considerations raised by them really deal 
with a phase of the subject deliberately omitted from the authors’ 
paper. It was the purpose of the paper to bring into one place 
all of the recognized stress conditions existing in a bolted flanged 
connection, and to provide working formulas from which the 
various stresses could be calculated for any assumed moment. 

The relative importance of the various stress conditions and 
their significance in the practical problem of design were pur- 
posely omitted, and the authors are grateful to Messrs. Taylor 
and McCutchan for bringing into the discussion of this paper 
some of the practical considerations in the determination of 
suitable allowable working stresses, thereby creating a con- 
necting link between the authors’ work and its possible use as 
a medium of design. 

Mr. McCutchan emphasizes a most important point in direct- 
ing attention to deformation as a criterion for practical design. 
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The authors in their complete report!® have added appendixes 
WA and WB which contain the approximate formulas for the 
deflection of flanges under the same assumed conditions of 
loading. Mr. McCutchan has also indicated a valuable line of 
investigation, namely: the effect of a small permanent deforma- 
tion in certain sections of the flange cross section upon the ulti- 
mate tightness of the joint. Mr. Taylor is using the same line 
of reasoning in his discussion of the probable importance of the 
hub stress as a criterion for design. The tests mentioned by 
him should be of great value in checking the work against actual 
design. These tests and other tests being conducted by the 
Heat Exchanger Institute are now in progress, and it is hoped 
that they will develop considerable data on this subject. 

In the third paragraph of Mr. McCutchan’s discussion he 
assumes a condition where the stresses are five times as large as 
those found in the second example in the paper, and he goes on 
to attribute to the authors the idea that the resulting stress 
conditions would render such a design unsatisfactory because of 
the excessive longitudinal stress at the thin end of the hub. 
The authors wish to specifically deny any such implication, as 
they have carefully avoided any mention of suitable allowable 
stresses for design purposes. It is felt that with the more com- 
plete knowledge of the stresses existing in a flanged joint it 
becomes a distinct and further problem to determine which of 
those stresses are critical for design purposes and the maximum 
stress which can be safely employed for design. This subject 
is not covered by the authors’ paper, and the test program which 
is now in progress is specifically designed to develop this much 
needed additional information. 

After reading Mr. Maker’s discussion very carefully, it is 
obvious that it deals with the ultimate question of allowable 
stresses rather than the authors’ analysis of the stresses actually 
existing in a flanged connection. For this reason Mr. Maker 
has apparently brought into his discussion material which lies 
beyond the scope or purpose of the authors’ paper, and like the 
discussions of Messrs. Taylor and McCutchan, it deals with the 
subject of the application of these formulas and suitable allow- 
able stresses rather than the validity of the authors’ work. The 
authors are indebted to him for also pointing the way to further 
study along the lines of knowing more completely what stress 
conditions are critical, and the effect of permanent set over 
small areas upon the stress of the entire joint as a unit. 

Mr. Maker has probably misunderstood the formulas since 
the maximum axial stress in the hub may occur at either the 
large end or at the small end, and it is merely a matter of coin- 
cidence that the examples in the paper both were based on de- 
signs where the maximum hub stress occurred at the small end. 
The authors make this statement since in the third paragraph 
Mr. Maker first remarks that “no evidence is presented to show 
that any pressure vessel has failed at this point... . . On the 
other hand, the writer has known of failures occurring at the 
juncture of the hub to the ring of the flange.’’ Obviously since 
the hub stress may have its maximum value at either the large 
end where it joins the ring of the flange, or at the small end, Mr. 
Maker’s knowledge of failures at the junction of the hub and ring 
might logically be attributed to excessive stresses at this point. 
In the last sentence of this same paragraph Mr. Maker mentions 
that the authors have taken no account of stress concentrations 
such as those encountered at abrupt changes in section. The 
authors deliberately did not provide for stress concentration 
since it was assumed that any code for safe design would require 
a minimum fillet of adequate proportions to reduce such stress 
concentrations. 

In the next to the last paragraph of his discussion Mr. Maker 
comments upon the effect of hydrostatic test on the stress con- 
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ditions under normal operation. The authors wish to remind 
him of the fact that a bolted flanged connection is primarily one 
which is operating under prestressed conditions, and as pointed 
out in the authors’ reply to Professor Jasper, the addition of 
internal pressure may or may not increase the stresses in the 
joint in comparison with those existing before pressure was 
applied. 

The authors question the last sentence in this same paragraph 
due to the fact that Mr. Maker earlier in his discussion mentions 
that he has personal knowledge of failures in the form of cracks 
occurring at points where maximum stresses are indicated by 
the formulas. 

The authors must respectfully differ with Mr. Maker in his 
statement that the matter is entirely too complicated for normal 
use, since experience does not indicate this to be the case. His 
suggestion that flange design be resolved to a tabulation of 
designs is ideal, but it is pointed out that tables of standard 
designs would in effect be standardization, and that no such 
standardization can logically take place unless there is a funda- 
mental basis for design. The authors’ work deals with the 
problem of fundamental design and was performed in an effort 
to contribute to the subject of flange design a fuller knowledge 
of basic conditions and to provide working tools for the de- 
signer. It is obvious that if existing information had provided 
a set answer to this problem, or if a tabulation of designs was 
the ultimate answer to it, such work would have been done 
long ago. The problem of flange design is most important in 
the field of large-diameter, high-pressure, and high-temperature 
equipment, and economic as well as safety requirements dictate 
the design of each vessel to meet its individual requirements 
rather than to name predetermined standards. 

In conclusion, the authors wish to call attention to certain 
portions of the First Report of the Pipe Flanges Research Com- 
mittee?® of the Institution of Mechanical Engineers which 
might mislead the casual reader. Flexibility tests were made by 
the Committee upon 8-in. flanges, constructed both by screwing 
and fillet welding and by through-welding standard ring 
flanges to pipe sufficiently long to give the effect of an infinite 
length as far as strength and stiffness are concerned, and the 
results were plotted as total deflection vs. total bolt load. In 
the same figure, a line was drawn labeled “Waters and Taylor 
Formula,” presumably calculated from Equation [5] of the 
1927 paper by Messrs. Waters and Taylor.*! This line showed 
such poor agreement with the test results that the Committee 
concluded that the “Waters and Taylor’ formula was inap- 
plicable. Furthermore, in the discussion following the Report 
proper, H. L. Guy gave results for a dimensionally similar flange 
machined from a solid block of metal so as to secure homogeneity, 
and Dr. R. W. Bailey computed the deflection by a theoretical 
formula of his own. 

It so happens that these test flanges all had large fillets, which 
places them in the class of integral flanges with tapered hubs. 
The 1927 Waters-Taylor formula is therefore not applicable, 
but the analysis used in the authors’ present paper should fit 
the case exactly. No deflection formula is given in this paper, 
but the method of derivation of the stress Equations [8], [9], and 
[10] of the paper leads also to a deflection formula, which is 
given in the detailed mathematical analysis,'* appendix W 
(precise) or appendix WA (approximate). The latter is as 
follows: 


20 ‘First Report of the Pipe Flanges Research Committee,” by 
H. J. Gough, The Institution of Mechanical Engineers, London, 
February, 1936. ‘ 

21*The Strength of Pipe Flanges,” by E. O. Waters and J. Hall 
Taylor, Mechanical Engineering, vol. 49, Mid-May, 1927, p. 538. 
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where zz — 2; is the relative axial displacement of the OD and ID 
of the ring. Using this formula, and the flange dimensions 
given in the Committee’s Report, the authors have computed 
the total deflection for a pair of flanges, for a bolt extension of 
0.005 in., equal to a load of 151.2 tons. Loads were assumed to 
act at the bolt circle and the mean diameter of the contact 
surface, and the full thickness of the ring, including raised face, 
was used fort. The result, as shown in the following tabulation, 
is very gratifying. 

Committee’s test result for screwed and welded flanges (Fig. 
11),?° 0.0095 in. 

Committee’s test result for through-welded flanges (Fig. 11),*° 
0.0126 in. 

H. L. Guy’s test result (Fig. 25),?° 0.0100 in. 

R. W. Bailey’s formula for flange + fillet + pipe (Fig. 41),?° 
0.0085 in. 

Waters-Taylor 1927 formula, 0.0180 in. 

Formula [13] above, 0.0109 in. 


Incinerators—Municipal, Industrial, 
and Domestic’ 


A. R. Mumroro.* The writer has divided his discussion into 
the following parts: (1) Composition of garbage and rubbish; (2) 
drying and combustion; (3) probable allocation of available heat; 
and (4) general comments on the design of incinerators. 


CoMPOSITION OF GARBAGE AND RUBBISH 


The material making up municipal garbage is composed of 
waste materials from vegetable and animal matter of which the 
nonwaste part has been used as food. Rubbish is composed 
largely of paper scraps, pieces of wood, and scrap tin, iron, and 
glass. The original source of the combustible materials in both 
of these wastes is plant growth; therefore, we can expect to find 
a similarity in composition of the material with the exception of 
natural and added moisture which is particularly high in the case 
of garbage. According to Hering and Greeley,’ garbage and rub- 
bish can be considered as identical in composition with the excep- 
tion of moisture and ash, as shown in Table 1 of this discussion. 


TABLE 1 ANALYSIS OF GARBAGE AND RUBBISH? 


-———Garbage———. — Rubbish———. 

Material As received Dry  Asreceived Dry 
Moisture, per cent......... 70.0 1.8 
Carbon, per cent.......... 12.9 43.1 41.6 42.4 
Hydrogen, per cent........ 1.9 6.2 5.9 6.0 
Nitrogen, per cent......... a3 3.7 3.3 3.4 
Oxygen, per cent.......... 8.3 27.8 32.9 33.5 
5.8 19.2 14.5 14.7 
Calorific value, Btu per lb. 2520 8400 8440 8600 


The similarity in composition simplifies the computations in- 
volved in considering the effect of mixtures on the combustion of 
mixtures. As fuels the two wastes are of equal value in the dry 
state, but the high natural and added moisture in the garbage 
requires more heat for heating and evaporation than is available 
in the fuel if a combustion-chamber temperature of over 1200 F 
is to be reached as required for the destruction of garbage without 
nuisance. This extra heat is commonly obtained from the rub- 


1 Published as paper FSP-59-7, by H. S. Hersey, in the May, 1937, 
issue of the A.S.M.E. Transactions. 

* Research Engineer, Charge of Engineering Research Depart- 
oat. “eg York Steam Corporation, New York, N. Y. Mem. 
A.S.M.E. 

+ “Collection and Disposal of Municipal Garbage,” by R. Hering 
and 8. A. Greeley, McGraw-Hill Book Company, New York, N. Y., 
1921, Table 9, p. 23, and Table 35, p. 65. 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1938 


bish usually collected with the garbage. The probable variation 
in the composition of the mixture as the percentage of rubbish 
increases is shown in Fig. 1 of this discussion. 


DRYING AND COMBUSTION 


Atmospheric drying of garbage is not feasible because of the 
nuisance. The low-temperature oxidation of the material and the 
action of bacteria in the air produce odors which are nuisances. 
If, however, the drying were accomplished rapidly and if the 
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TABLE 2 ALLOCATION OF AVAILABLE HEAT AND HEAT BALANCE IN THE BURNING OF 
REFUSE CONTAINING VARIOUS PERCENTAGES OF RUBBISH 


Assumed carbon loss: 
Radiation loss: 
Moisture loss: 
Moisture loss, Btu per lb of refuse. Ls 1040 
Moisture per cent.. 41. 
Dry gas loss 
b of gas per 1. 
Dry-gas loss, Btu per lb of refuse............ 137 
Figures used in computing heat quantities allo- 
cated to air heating: 
Preheat temperature, F...............- 400 
Lb of gas per lb of refuse..... priate ae 1 
Lb of air per lb of refuse. . 
Air-temperature rise, F...... 340 
360 
Initial gas temperature, F.................. 533 
Heat given up by gas, Btu per |b of refuse... . 140 
Heat available for steam making: 
Boiler pressure, lb per sq in................. 200 
Feedwater temperature, F.................. 60. 
Heat available in refuse, Btu per lb.. 2500 
Heat loss to moisture is gases, Btu per ‘Ib ‘of 
Heat loss to ‘dry gas, Btu per lb of refuse..... 137 
Carbon loss, Btu per lb of refuse............ 100 
Heat loss to radiation, Btu per lb of refuse. 600 
Heat available in furnace, Btu per lb of refuse. 623 
Heat available, per cent.................... 24. 
Lb of steam per lb of refuse........ Sea 0. 
Heat balance in percentage of heat i in refuse: 
Heat to steam, per cent.................-.. 24. 
Heat loss to moisture in gases, per cent....... 41. 
Heat loss to dry gas, per cent............... 5. 
Carbon loss, per cent. 4. 
Radiation and errors, per 24. 
Total, per cent. 100. 


combustion of the dried garbage were to take place at tempera- 
tures above 1200 F, the nuisance from odors would be eliminated. 

The requirements for drying mixtures are very interesting and 
some of the data are shown in Fig. 2 of this discussion. Because 
of the rapid decrease in average moisture as the percentage of rub- 
bish increases in the mixture the heat required for drying out 1 Ib 
of the mixture decreases from 784 Btu at 0 per cent rubbish to 
20 Btu at 100 per cent rubbish. If we were to consider drying the 
refuse by air at atmospheric temperature, the amount required 
for the mixtures containing small percentages of rubbish would be 
highly excessive and the furnace temperature resulting would be 
too low for proper destructive action. Because radiation from 
hot brickwork will affect only the surface of the mixture on the 
grates it is essential that the necessary quantity of air supply be 
reduced by preheating the air and thus increase the drying action 
of each pound. The amount of air at several temperatures re- 
quired for drying is shown in Fig. 2 of this discussion, each curve 
being marked with the temperature for which it is figured. It is 
obvious that the hotter the air the less is required for drying but 
also that the reduction in quantity becomes less for each in- 
crementof temperature. A temperature of 400F for the preheated 
air was used in the writer’s further computations because it was 
suggested as being practical by Hering and Greeley* and because 
the curves of Fig. 2 indicate few advantages for the higher tem- 
perature as compensation for the increased handling difficulties 
and the increased air-heater investment. 

At 400 F the air required for drying exceeds the minimum air 
required for combustion for all mixtures containing less than 90 
per cent rubbish as shown by the dashed lines in Fig. 2; therefore, 
excess air must be used if for no other reason than drying. How- 
ever, the amount of excess air also controls the combustion-cham- 
ber temperature so that the necessary air for drying cannot be 
added to mixtures low in rubbish, therefore high in moisture, be- 
cause the temperature of combustion would become too low for 
odorless destruction. 


20 40 60 80 100 
100.0 155.0 205.0 240.0 270.0 
0 90.0 85.0 80.0 80.0 75.0 
0 2.4 Bae 1.3 0.9 
0 600.0 600.0 600.0 600.0 600.0 
8 16.2 12.2 9.9 8.3 7.1 
.87 0.805 0.74 0.675 0.615 0.55 
.0 960.0 880.0 810.0 730.0 660.0 
3 26.0 17.9 13.3 10.1 7.8 
9 5.2 8.4 12.5 16.4 20.4 
.0 375.0 605.0 900.0 1180.0 1470.0 
4 10.1 12. 14.8 16.3 17.4 
0 400.0 400.0 400.0 400.0 400.0 
9 5.2 8.4 12.5 16.4 20.4 
8 5.0 8.2 12.2 16.0 20.0 
0 340.0 340.0 340.0 340.0 340.0 
0 360.0 360.0 360.0 360.0 360.0 
0 615.0 639.0 671.0 678.0 688.0 
0 332.0 586.0 965.0 1300.0 1660.0 
2 9.0 12.1 16.0 18.0 19.8 
0 200.0 200.0 200.0 200.0 200.0 
0 60.0 60.0 60.0 60.0 60.0 
3660 4840 6000 7230 8400 
960 880 810 730 660 
375 605 900 1180 1470 
90 85 80 80 75 
600 600 600 600 600 
1635 2670 3610 4640 5595 
9 44.7 55.2 50.1 64.0 66.5 
53 1.4 2.28 3.08 3.96 4.78 
9 44.7 55.2 60.1 64.0 66.5 
6 26.2 18.2 13.5 10.1 7.9 
4 10.1 12.4 14.8 16.3 17.4 
0 2.4 4.2 1.3 1.1 0.9 
1 16.6 12.5 10.3 8.5 7.3 
0 100.0 100.0 100.0 100.0 100.0 


At the top of Fig. 2 is plotted the estimated allowable excess 
air to result in a furnace temperature of not less than 1600 F. 
The temperature of 1630 F was selected as a point well above 
the minimum required for odorless combustion and well below the 
temperature at which brickwork maintenance becomes a major 
source of expense and outage. The writer believes that the re- 
duction of the excess air possible with a major proportion of rub- 
bish in the refuse is not feasible because (1) materially higher fur- 
nace temperatures would result, (2) brickwork maintenance 
would then break the continuity of operation, (3) the class of 
operating labor used is not expected to be high enough to main- 
tain efficiency without close supervision, and (4) the primary 
object of the incinerator is the destruction of refuse. Assuming 
that the arbitrary temperature of 1600 F is accepted, then a com- 
parison of excess air required to reach this temperature with the 
amounts required for drying indicate the physical and chemical 
limitations placed on the combustion of refuse mixtures low in 
rubbish. 

To dry garbage, unmixed with rubbish, would require 800 per 
cent excess air reheated to 400 F and yet the heat available is in- 
sufficient to raise the temperature of the products of combustion 
to 1600 F when only the theoretical minimum amount of excess 
air is used. 

To dry refuse containing 20 per cent rubbish, about 500 per 
cent excess air preheated to 400 F is required, yet only about 100 
per cent excess air is allowable if the combustion temperature is 
to be 1600 F. 

When the mixture contains approximately 50 per cent garbage 
and 50 per cent rubbish the preheated air required for drying 
equals the amount required for combustion to a temperature of 
1600 F. At higher percentages of rubbish in the mixture the air 
required for combustion exceeds the air required for drying, and 
the preheat can be reduced or eliminated. 

In the foregoing discussion it has been assumed that ignition 
of the dried refuse takes place from the top down, and therefore 
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the maximum airdrying action would be needed. This is not, 
of course, entirely true because each fresh charge of refuse will be 
placed on top of the partly burned preceding charge and ignition 
will take place from the bottom as well as the top. Practically, 
it is necessary to loosen up the mass by frequent barring and work- 
ing with fire tools so that the burning refuse is mixed with the in- 
completely dried and unignited fresh portions. 

It may be concluded from the foregoing that the worst condi- 
tion, that requiring 100 per cent air drying, is met with only in 
mixtures containing less than 50 per cent rubbish and that practi- 
cally 100 per cent air drying is unnecessary so that mixtures as 
low as 25 per cent in rubbish content may be successfully and 
odorlessly destroyed. 


ProBABLE ALLOCATION OF AVAILABLE HEAT 


In order that we may estimate the amount of heat available for 
steam making in the gaseous products of the combustion of refuse 
it is advisable to allocate the total heat to the several services and 
losses and assume the remainder to be available for steam making. 

With air heating, it is advisable to restrict the cooling action 
of the air to such a range that the final gas temperature will not be 
low enough to cause the condensation of moisture on the air- 
heater surfaces. Such condensation would cause corrosion and 
plugging and the arbitrary temperature of 360 F has been selected 
as the final gas temperature. The air temperature is assumed to 
be 60 F. These assumptions will be used in the determination 
of gas losses. 

The ash from the combustion of the refuse will contain some un- 
burned residue. The amount of combustible in this residue will 
vary with the amount of air used for combustion only because the 
rate of combustion is assumed to be nearly constant at the de- 
signed capacity. The assumed value of the carbon loss for each 
mixture is given in Table 2 of this discussion. 

The radiation loss depends upon the combustion-chamber tem- 
perature, and because this is arbitrarily held constant it is reason- 
able to assume that the radiation of heat will be constant. The 
quantity is difficult to estimate but, because of the layout which 
involves a considerable area of brick walls, a heating value of 600 
Btu per lb of refuse burned is assumed. This error in this value 
is probably on the high side in which case more heat will be avail- 
able for steam making than has been figured. The values for each 
mixture are given in Table 2 of this discussion. 

The total heat in 1 lb of water vapor at 360 F and atmospheric 
pressure above 60 F is 1190 Btu so that the moisture loss is simply 
the product of this figure and the moisture content of the refuse 
plus the moisture produced by the combustion of the hydrogen. 
The heat loss due to the moisture in each mixture is also given in 
Table 2 of this discussion. 

The loss in the dry gases depends primarily on the pounds of 
gas per pound of refuse burned, which in turn depends on the ex- 
cess air. Values for this loss have been estimated as shown in 
Table 2 of this discussion. 

Because it is uncertain whether or not the mixture to be deliv- 
ered to the incinerator will be composed of uniform proportions 
of garbage and rubbish, the assumption that preheated air at a 
temperature of 400 F is necessary will be made. This tempera- 
ture will be suitable for mixtures lower in rubbish than is expected 
and will not be detrimental if the refuse were to contain more than 
50 per cent rubbish, except that more steam could be produced 
if the air heater were smaller. This latter statement is founded 
on the fact that the final gas temperature from the boiler can be 
lower if the preheat were lower, and less excess air were necessary 
to keep the combustion-chamber temperature low if the preheat 
were low. The figures covering the computations of heat quan- 
tities allocated to air heating are given in Table 2. The amount 
of heat available for steam making and the heat balance in the 
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percentage of heat in the refuse are also given in Table 2. 

The approximate heat balance as given in Table 2 is plotted 
in Fig. 3 of this discussion. 

It is to be noted that the heat absorbed by the air heater is 
immediately returned to the furnace, increasing the entering air 
temperature to 400 F. However, the air temperature entering 
the unit is still 60 F. 
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Fig. 3 Heat BALANCE FOR VARIOUS PERCENTAGES OF RUBBISH IN 
REFUSE 


At the lower percentage of rubbish, some preheating of the 
mixture must be done to keep the furnace temperature at 1630 
F. The heat used to predry the mixture decreases the internal 
moisture loss by the same amount and so cancels out. 

About 1 lb of steam per pound of refuse can be made from 
refuse containing 10 per cent of rubbish, and 4.8 Ib of steam can 
be made from refuse composed solely of rubbish. If the mixture 
to be collected were to contain about 75 per cent of rubbish we 
would expect the generation of about 3.5 lb of steam per pound 
of refuse. 


GENERAL COMMENTS ON THE DesIGN OF INCINERATORS 


The writer has visited one stoker-fired rubbish incinerator and 
two fixed-grate refuse incinerators. On the basis of these visits 
and prior experience in combustion the following conclusions have 
been reached. 

The stoker-fired rubbish incinerator was fed with picked rub- 
bish containing very little glass, tin, and iron, yet breakage of keys 
occurred because of the fusion of this small amount of noncom- 
bustible material. In addition, it was noted that about as much 
manual labor was necessary in working the fires as with fixed 
grates so that the advantages of stoker firing, even with selected 
rubbish, were not apparent. A slight excess labor will not be un- 
desirable so the writer feels that the fixed-grate type of incinera- 
tor is more desirable. 
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The designers of incinerators have adapted the principle of the 
Chicago smokeless furnace to the combustion of refuse. This 
construction involves the alternate contraction and expansion of 
the gas stream which insures mixing and smokeless combustion 
if combined with sufficient combustion volume. The grate im- 
mediately under the charging spout is usually sloped to facili- 
tate draining and drying the refuse before combustion and to in- 
crease grate area without an equal increase in floor area. 

The writer believes that the production of steam from the com- 
bustion of refuse containing 50 per cent or more rubbish is feasi- 
ble. However, if the refuse contains much ash or dirt, the instal- 
lation of dust catchers is earnestly recommended. The question 
of the production of draft by natural or artificial means is one 
which must be left to the detailed design and financial setup. It 
is possible and may be feasible to design the waste-heat boiler and 
air heater for almost any draft loss, but of course the size of the 
equipment will increase with decreased draft loss. The writer 
believes the added investment for natural-draft operation will be 
justified as compared to the operating charges and maintenance 
in an induced-draft system unless cinder catchers are required. 


W. J. ELLENBERGER.‘ After reading the paper, the writer has 
formed the opinion that sufficient study has not been made of co- 
ordination in municipal waste disposal. It appears, if the writ- 
er’s observations from current technical literature are correct, 
that municipal engineers have been prone to consider sewage dis- 
posal, garbage disposal, rubbish disposal, and ash disposal as in- 
dividual problems rather than a coordinated problem. Certain 
common characteristics attendant to the several forms of munici- 
pal waste emphasize this point and current trends in living con- 
ditions make it more desirable than ever before to plan for the fu- 
ture. It is the purpose of this discussion to call attention to sev- 
eral of these trends after commenting on the author’s paper. 

Since the problem of incineration hinges on the heat content 
and moisture content of the waste material handled, the method 
of collecting wastes is of extreme importance. Apparently, col- 
lection and disposal practice in the United States is far from uni- 
form, but regardless of methods of disposal all or part of the waste 
material collected finds its way toa dump. Municipal engineers 
should ever strive to have the end product of their disposal opera- 
tions both inert and a minimum in quantity to the end that in so 
far as possible the city dump may be eliminated. 

In amplification of the author’s remarks on the possible sale of 
electricity generated at the incinerator over and above its require- 
ments, it must be remembered that this electricity would have to 
be sold at a rate less than the purchaser’s incremental fuel cost to 
generate the same energy. It is, of course, assumed that because 
of the fluctuations in energy output with plant operations there 
would be little or no firm power for sale after supplying the elec- 
trical demand of the incinerator. Hence, the purchaser would 
have to augment his purchase of power with his own generating 
equipment or purchased power from the central station. 

Recent figures on the per capita cost of sanitation service in 
cities of over 500,000 population show a marked rise. This leads 
to the conclusion that in spite of large investments in facilities 
and large-scale operations there is no reduction in cost due to the 
magnitude of the operations. In the interest of the taxpayer fu- 
ture studies should be made with the thought of combining where 
possible several forms of waste in order to facilitate disposal. 

Several cities are now disposing of garbage in whole or in part 
by grinding and flushing the macerated garbage into sewers. St. 
Louis has built two grinding plants* having a combined capacity 


‘Power Sales Engineer, Potomac Electric Power Company, 
Washington, D. C. Jun. A.S.M.E. 

5 “St. Louis Grinds Its Garbage,’’ Engineering News Record, vol. 
118, January 14, 1937, pp. 58-61. 


of 70 tons per hr where the macerated garbage is flushed into main 
trunk sewers emptying into the Mississippi River. Because the 
flow in the out-fall sewer is small compared to the river flow, no 
nuisance is created even though there is a reduction in the dis- 
solved oxygen content of the river water adjacent to and below 
the sewer outlet. A small personnel is all that is required to op- 
erate the grinding plants, maintenance is negligible, power require- 
ments approximate 4 kwhr per ton and flushing water 1000 gal 
per ton. 

Most cities are not so fortunately situated as St. Louis, there- 
fore some form of disposal plant is needed. It cannot be denied 
that the presence of ground garbage in the sewage flowing into a 
treatment plant introduces an additional problem to sewage treat- 
ment which will be reflected in an increase in the cost of operating 
the plant. Keefer* has indicated that the presence of ground gar- 
bage in sewage results in the formation of additional scum and 
grease in preliminary treatment units, the disposing of which 
material is difficult. This and other problems are being solved by 
close study of conditions in the disposal plants at Baltimore, Md., 
Indianapolis, Ind., and Durham, N.C. In systems where sludge 
gas is reclaimed the additional gas generated by the garbage may 
compensate in part for the increased plant operating cost. At the 
Durham, N. C., plant, sewage is used to drive two 150-hp gas en- 
gines each connected to a 100-kw electric generator.?’ No data 
are available to the writer as to what percentage of the gas gener- 
ated is due to the presence of garbage in the sewage. 

There has recently been developed by one of the large electric 
manufacturing companies a “kitchen-waste unit’’ capable of 
grinding to a fine pulp all kinds of food waste such as peelings, 
scrapings from dishes, and bones so that they may be carried 
away in the general sewage system. The power to grind this ma- 
terial is furnished by a '/,-hp motor and the energy consumption 
is said to approximate 2 kwhr per month for the average home. 
At the present time this device is in the preliminary stage of com- 
mercial development, therefore the price, reported to be $160 
is somewhat high. It is quite possible that as soon as municipal 
authorities give their consent to the installation of these devices 
their sale may increase in a manner similar to that of domestic 
electric refrigeration. One sponsor of this device* has the opti- 
mism to predict that at some time in the future the kitchen-waste 
unit may be as compulsory as the sewage system itself is today. 

Undoubtedly the question will be raised as to clogging of do- 
mestic service sewers by the introduction of garbage. Keefer* 
states: “The quantity of garbage produced daily in an average 
American city amounts to only some 0.06 of one per cent of the 
quantity of sewage produced in the same period. Therefore, there 
should be no need of increasing the size of sewage conduits because 
of the addition of garbage. This statement also applies to grit 
chambers, settling tanks, and other treatment units whose size is 
in general independent of the amount of solids in the sewage.” 

The great increase in recent years in the number of domestic oil- 
burner and gas-fired furnace installations is being reflected in a re- 
duction in the quantity of ashes to be removed and disposed of. 
This is especially noticeable in newer real-estate developments. 
Future developments along the line of year-round air condition- 
ing with heating, cooling, and humidity control are in the distance. 
Increased air conditioning necessitating increased refrigeration 
capacity with water as the medium for heat removal may in- 
crease the flow in domestic sanitary service sewers. Commercial 
air conditioning has been responsible for overloading some sewers. 


* “The Disposal of Garbage With Sewage,”’ by C. E. Keefer, Civil 
Engineering, vol. 6, March, 1936, pp. 178-180. 

7 “Sewage Treatment Plant Furnishes Power,” Engineering News 
Record, vol. 116, May 21, 1936, p. 727. 

8 “Some Engineering Contributions to Society,”” by R. C. Muir, 
Electrical Engineering, vol. 56, May, 1937, pp. 518-523. 
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One city® has found it necessary to enact a municipal ordinance 
requiring such waste to be emptied into storm sewers. 

These are but a few of the factors in the changing problem of 
waste disposal which will make the solution of future problems of 
this nature more difficult. 


A. E. Stitson.” To classify domestic and institutional incin- 
erators under one head is a bit dangerous. Rather, the writer 
believes that there should be three general classes of incinerators 
as follows: (1) Flue-fed incinerators where the material is intro- 
duced through hoppers and dropped down the flue into a chamber 
located in the basement (2) incinerators for institutions, large 
apartment houses, hotels, hospitals, and industries (3) incinerators 
for the disposal of municipal mixed collections, including in this 
category those for the disposal of sewage solids. 

The writer had the opportunity to point out to the author that 
where a chute-fed incinerator is used care must be taken to keep 
the hopper into the flue smaller in total clear opening than the 
cross-sectional area of the flue. The writer also pointed out that 
an incinerator in the basement for disposing of chute-fed material 
should preferably be enclosed in a nearly airtight incinerator 
room. These two recommendations prevent first, clogging of the 
flue by expansion of balled paper, and second, an in-rush of air 
into the firing doors when the chute-fed incinerator is being 
cleaned or stoked. 

Where equipment of this type is installed in buildings six stories 
or over in height, it has been found that an expansion chamber 
of proper design, located at the roof termination of the chimney 
is of decided benefit to the operation of the equipment and serves 
to trap light fly ash, etc., that otherwise is carried out of the top 
of the chimney and deposited on the surrounding roof areas. It 
is definitely recommended that an expansion chamber be in- 
cluded, therefore, in buildings six stories and over in height. 

Industrial and institutional incineration, which is the second 
classification the writer would make, is dependent upon high tem- 
peratures for its success. These temperatures in the greatest 
number of cases are provided for due to the presence of rubbish 
and dry combustible materials of one kind or another. In a mi- 
nority of cases, oil, gas, or coal is used to take the place of rubbish 
which is normally absent. In the case of the chute-fed incinerator 
however, little or no fuel may be added due to the inability of the 
structure to withstand the temperatures, stresses, and the action 
of the heat. 

The chute-fed incinerator normally depends for its stability 
upon the ability of metal to maintain its tensile and other physi- 
cal properties. In the case of institutional incinerators the entire 
unit is refractory and capable of resisting high temperatures. 
The chute-fed incinerator burns very slowly for best results. If 
by chance high temperatures are experienced in the chute-fed in- 
cinerator, it is customarily found that the incinerator will collapse 
and the chimney lining will be lost. The chimney lining for a 
chute-fed incinerator customarily consists of 20 or 25 ft of fire- 
brick extending up from the basement with the balance of ordi- 
nary flue tile. 

The National Board of Fire Underwriters in their code per- 
taining to construction of flue-fed incinerators, recommend that 
the chimneys or flues serving incinerator chambers containing 
less than 9 sq ft in grate area, be lined with standard flue tile 
lining for their entire height and that chimneys serving units 
with grate areas of 9 sq ft and over be lined for the first thirty 
feet with 4'/. in. of firebrick backed up with at least 4 in. of 


§“Air Conditioning Waste-Water Overloads Lincoln Sewers,”’ 
Engineering News Record, vol. 117, September 24, 1936, p. 450. 

10 President, Morse Boulger Destructor Company, New York, 
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common brick and above this point constructed of common 
brick not less than 8 in. in thickness. 

The author discussed a waste-heat plant which was built by 
Morse Boulger Destructor Company for the Firestone Tire & 
Rubber Company. In this plant approximately 4.7 lb of steam 
was produced per lb of refuse fired, at a boiler pressure of 180 lb 
per sq in. a feedwater temperature of 196 F, a threshold tempera- 
ture to the boiler of 2400 F, and an exit-gas temperature of 630 F. 
It could not be definitely ascertained, but a conservative estimate 
of the ash present in the fuel was 38 per cent, and the moisture was 
10 per cent. The materials fired were lampblack; soapstone; 
heavy bound ledger books; waste paper; ground cork; slab 
cork; building-construction refuse including plaster, cement, and 
broken brick; tire beads and wooden boxes. The approximate 
amounts fired per hour were as follows: Tire beads 1600 lb; mis- 
cellaneous rubbish 3000 lb; and rubber-covered metal inserts 300 
lb. These were actual weights. 

The writer believes that considerable work should be done on 
the calculation of heat value and air required for rubbish, particu- 
larly wood refuse and paper. The writer is not in agreement 
with the normal air requirements calculated as theoretical; his 
flue-gas analyses show definitely that there is something wrong, 
and in the laboratory he has made determinations which would 
indicate that there is considerable information not yet generally 
known that should be developed. For example, the writer dis 
covered that between 11 and 12 lb of air is the theoretical amount 
required per lb of rubbish. The writer also discovered that for 
substances like rubber 14 to 15 lb is a reasonable expectation for 
theoretical air. 

There is something to be said also for the value of careful re- 
search in refractories for use in incinerators. The standard speci- 
fications are entirely too lax in theirdemands. Frequently, tem- 
peratures in excess of 2400 or 2500 F are obtained in parts of the 
incinerator furnace, which comparatively high temperatures, 
when combined with an in-rush of cold air, create terrific thermal 
stress. Also, refractories in incinerator furnaces almost without 
exception are called upon to carry heavy loads. These loads usu- 
ally exceed the loadings experienced in boiler furnaces of equal 
volume. 

Some work has been done on the subject of heat release per unit 
volume of furnace. It is the writer’s hope that additional work 
will be done to determine what is a safe heat release in an inciner- 
ator. 

The author’s selection of the Wellington plant and the Symes 
Road plant statement as to costs per ton for disposal of refuse by 
a municipality is very much to the point. It is seldom that in the 
same city two plants of equal capacity can be compared, and usu- 
ally the comparison of two plants in two cities is different. This 
comparison by the author is valuable, although it must be under- 
stood, as the author would be the first to say, that the costs in 
Toronto, Canada, very likely would not be indicative of the costs, 
let us say, in Kansas City, Mo. 

Relative to the several different furnace designs discussed by 
the author, it is the writer’s finding that the furnace must be de- 
signed to suit the fuel, be it garbage, sewage, screenings, sewage 
sludge, rubbish, or various mixtures of these items. It is axio- 
matic that the fuel cannot fit the furnace except indifferently. 

The subject of chimneys is vital in incineration work. There 
are about fourteen variables that must be reconciled in the de- 
sign of achimney. The use of a rule of thumb in the design of an 
incinerator chimney will almost certainly result in dissatisfaction 
unless the designer has had actual experience with incinerators 
to guide him. It must be remembered that an incinerator is es- 
sentially unable to utilize pressure in the furnace chamber as may 
be done in the high-pressure-boiler furnace with which the me- 
chanical engineer is accustomed to dealing. The incinerator is, let 
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us repeat, basically a hand-fired furnace. This being true, depend- 
ence upon forced draft to reduce materially the height of the 
chimney can lead to serious consequences. The writer hopes that 
the author will have time to discuss at greater length this vital 
feature of an incinerator. 

The writer has not checked the author’s discussion of heat bal- 
ance, but in general let us say that if the engineer in charge of in- 
cineration would make a heat-balance calculation for an incinera- 
tor before he undertakes to recommend any particular design, the 
art of incineration as it is actually performed for the public would 
be greatly improved and many potential failures now foisted on 
the public would be avoided. Knowing the fuel to be dealt with, 
the heat-balance that may be expected, and the needs of the com- 
munity in regard to such factors as capacity, the engineer who is 
experienced in the design of combustion equipment will be able to 
make a recommendation that will work to everyone’s satisfaction. 


Loran D. Gayton." In large cities the collection and disposal 
of refuse is one of the most important, as well as one of the most 
vexing, activities coming under the jurisdiction of municipal 
authorities. This activity is important because to a great extent 
the health and well-being of the people depend upon how it is car- 
ried out. The problem is a vexing one for the reason that in 
thickly settled communities it is almost impossible to induce the 
people to observe the laws of sanitation, and unless these laws are 
observed a nuisance is sure to be created. In the collection and 
the disposal of municipal refuse the fundamental requirement is 
that it be done in a sanitary inoffensive manner. The economy 
of the process, although of course highly important and always 
given due consideration, is secondary to the sanitary phase of the 
problem. No matter how low the cost, if it is not done in a sani- 
tary and inoffensive manner there is strenuous objection from 
every side. 

The author devotes a considerable portion of his paper to the 
matter of the utilization of the heat from an incinerator furnace. 
If this problem is analyzed thoroughly, it is generally found that it 
is more economical to waste this heat than to attempt to utilize it. 

Of course, there are exceptions. Where there is a demand for 
power or steam, and the equipment to utilize that power or steam 
is close at hand, and purchased power is not available or is un- 
usually high in cost, an analysis of a specific problem may indi- 
cate that it is more economical to utilize the heat from the incin- 
erator to produce power than to purchase the necessary energy. 
The author has pointed out quite clearly the factors that must 
be carefully considered in order to arrive at a correct decision. 


TABLE 3 AVERAGE ANALYSIS OF 1 CU YD OF RUBBISH 
COLLECTED IN CHICAGO, ILL., BEFORE THE ADVENT OF 
INCINERATION 


Summer collection® Winter collection® 
Rubbish constituents Weight, lb Percent Weight, lb Per cent 
Noncombustible: 
Glass, stone and crockery, 


37 5.78 14 1.27 
Combustible: 
Paper, rags and 
wood, am, ae, straw. 191 29.87 27 2.44 
59 9.20 28 2.53 
640 100.00 1105 100.00 


e “ of 60 lende of 5 cu yd each, or 300 A. yd; average weight per 
load = 3203 lb; average weight tps cu yd = Ib. 

s Analy of 81 loads of 5 cu yd each, or ose cu yds average weight per 
load = 5524 lb; average weight ner cu yd = 1105 lb. 

ore: In 1927, when 1 cu yd of refuse per capita was collected, the 
refuse contained 16 per cent combustible per capita, or 139 lb per capita per 
year. Garbage amounted to '/: lb per capita per day, or 182 lb per capita 
per year. The total garbage and combustible was 321 |b per capita per year. 


In considering municipal refuse as a fuel, one must always keep 
in mind its method of collection and transportation. Table 3 of 


" City Engineer, Chicago, Ill. Mem. A.S.M.E. 


this discussion gives an analysis of combined rubbish as collected 
in the City of Chicago before the advent of incineration. When 
collecting material to be disposed of by incineration, there must 
be a separation to as great an extent as possible of the ashes and 
incombustible material from the garbage and combustible. It 
takes considerable time and educational effort to bring about the 
desired separation. 

It would be well to state just what is meant by “garbage” and 
by “rubbish.” Garbage shall be taken to mean the waste of both 
animal and vegetable matter which results from the preparation 
of food for human consumption, from the houses, kitchens, hotels, 
restaurants, markets, and commission houses, exclusive of shells 
from oysters and clams, including the usual content of moisture, 
and some free water. Rubbish shall be taken to mean paper, 
rags, mattresses, worn out furniture, old clothes, old shoes, 
leather, carpets, broken glass, crockery, tin cans, metals, rubbers, 
discarded trees and greens, leaves, and the like. It does not, 
however, include any material in the nature of earth, sand, brick, 
stone, plaster, or other such substances that may accumulate as 
the result of building operations and pavement cleaning. 

The specifications under which the Chicago incinerator was 
built contained the following requirements: 

“Tt is estimated that the proportions of the materials as col- 
lected will be as follows: 


Per cent by weight 


Season Garbage Rubbish 


“Although the incinerator shall be capable of handling the 
refuse materials as collected, for the purpose of guarantees and 
test as hereinafter stated, the refuse shall be taken to have the 
following approximate characteristics: 


Per cent by weight 


Item Garbage Rubbish 


“It is not expected that refuse of exactly these characteristics 
can be secured throughout the tests, but these characteristics will 
be approximated and reasonable adjustment for variations will 
be made by the Commissioner of Public Works. 

“The characteristics will be interpreted to mean that garbage 
contains 8000 Btu per lb of dry material and that rubbish contains 
7500 Btu per lb of dry material as determined by calorimeter 
tests.” 

This is the so-called fuel that the incinerator builder must de- 
sign to utilize. Its composition, heat value, and moisture content 
vary from day to day, from month to month, and even from year 
to year. Nevertheless, the incinerator builder must make iron- 
clad guarantees based upon this fuel with its fluctuating values. 
That the incinerator designer has succeeded is evidenced by the 
many successful installations in this country. 

In conclusion incineration should be considered fundamentally 
as a method of disposing of municipal wastes in a sanitary, inoffen- 
sive, and economical manner, and the utilization of municipal 
wastes as a fuel to produce power should only be entered into 
after a careful study and analysis of a specific problem by engi- 
neers with not only a knowledge of combustion principles, but also 
with a knowledge of the varying composition of the material with 
which they must deal, and the methods used in its collection and 
handling. The author has made this quite clear and definite. 
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H.P. Eppy.'? The sanitary and inoffensive disposal of a highly 
offensive waste material must be the primary consideration of 
municipal refuse incinerator design and operation. However, for 
mechanical engineers interested in improving the utilization of 
the calorific value of fuels, it is a difficult change in viewpoint to 
consider the burning of a fuel solely from the standpoint of main- 
taining a gas temperature which at all times will be deodorizing, 
without attempting to recover any useful heat. 

It is true that in some cities locations can be found where eco- 
nomic advantage can be taken of the heat of combustion. In all 
cases where consideration is given to utilization of heat, however, 
it is important to consider the final economics. For example, 
in Buffalo, several years ago, it was desired by the municipal au- 
thorities to generate steam and electricity in the proposed city 
incinerator. The only use for the electricity at the remote site 
selected for the plant, except in plant operation, was for charging 
electrically driven collection vehicles. In order to determine 
conclusively the economics of this plan, bids were taken for con- 
structing the plant, both with and without generating equipment. 
In this case it was found actually to be cheaper to purchase the 
electric power from the local utility company than to generate it 
with the waste heat, even though the plant was large, having a 
daily capacity of 500 tons of refuse which was relatively high in 
combustible. 

As the author points out, it must be recognized that deliveries 
of municipal refuse to the plant are generally made in a few hours 
during the day, and the general practice is to burn the material as 
rapidly as possible after its delivery to the plant. In a few plants, 
however, such as those in Washington, D. C., and Newton, Mass., 
the day’s collection is carefully estimated, and the rate of burning 
so chosen that a remarkably uniform combustion-chamber tem- 
perature is maintained. In most of the plants designed by the 
writer’s firm, there have been provided means for burning 
auxiliary fuel in the form of oil or process gas, which also serve, 
under adverse conditions, to maintain high temperatures. The 
importance of such provision was evidenced during September, 
1934, in the District of Columbia, when the rainfall averaged 
about 1 in. per 24 hr for the first half of the month. With such a 
rainfall, and with the methods of household storage now in use, 
the refuse delivered to the plant is bound to be extremely wet. 
But while it is important to provide means for burning auxiliary 
fuel, not only for steam generation, but also, and primarily, to 
assure complete deodorization under any and all circumstances, 
the operating staff should be always alert to conserve and utilize 
the refuse to the best advantage so that any steam demands can 
be met and high temperatures maintained without burning 
auxiliary purchased fuel except when absolutely essential. 

Frequently it is suggested that glass and tin cans be kept sepa- 
rate from garbage and rubbish in the household, or that they 
be removed at the incinerator, and that they should not be run 
through the furnace. From the standpoint of sanitation, how- 
ever, there is no question that any food containers, including those 
of glass and tin, should pass through the furnace, in order that the 
containers, when placed on the city dump, may not contain food 
for flies, rats, and other vermin. 

While the author points out that there is a large variation in the 
production of refuse, and describes a rule-of-thumb method for 
determining the amount produced, it should be emphasized that 
actual records of a city’s production over a long time are much 
safer to use in the prediction of the amount of material to be 
handled in a new plant. Where such records are not available 
and cannot be secured in time, judgment based on broad experi- 
ence elsewhere may be substituted, qualified by an intimate 
knowledge of the local conditions. It is not uncommon to find a 
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variation in the per capita weight of material in two cities of as 
much as 100 or 200 per cent. 

Industrial incinerators should be designed for the particular 
type of material to be burned. This material varies much more 
widely than municipal refuse, running all the way from dry, highly 
combustible, solid waste, through various degrees of moisture, 
to foul gases which may be either combustible or noncombustible. 
It is possible that some industries which produce a waste which 
should be destroyed by fire may find it advantageous to make 
some financial contribution toward the construction and opera- 
tion of a municipal incinerator in which their wastes can be 
handled, as in a case now under consideration by the writer, where 
the industrial waste is extremely foul, contains 60 to 80 per cent 
moisture, and is in such a small volume that it would be relatively 
expensive and troublesome to handle at the plant, but would 
be lost in the larger volume of refuse at the municipal incinerator. 


R. H. Sretuwacen.'? The formula developed by the author 
involves some approximations and short cuts which do not ma- 
terially affect the results. The writer believes that a slight re- 
vision recognizing the difference in temperature between com- 
bustible material and the air supplied for combustion might be 
of some slight value for certain calculations. Such a revision 
may readily be made by anyone when such refinement is neces- 
sary. 

During the recent study of incineration made by the City of 
Detroit, an experiment was run for some months at the Mistersky 
plant of the Public Lighting Commission, using mechanically 
dehydrated garbage in conjunction with powdered coal for fuel 
under water-tube boilers. The conclusions reached agree very 
closely with the statements made by the author regarding this 
aspect of incineration. 

The writer agrees with the opinion expressed in this paper 
that improvements may be expected in the future, along the lines 
indicated. However, the municipal incinerator plant today is a 
much more highly developed and far more efficient tool than 
most people realize. In fect, the most important phase of this 
subject confronting engineers, incinerator manufacturers, and 
municipalities is the general lack of knowledge of the efficiency of 
incineration for refuse disposal and the economies in disposal 
that may be effected by the use of incinerators. Most unin- 
formed people believe incineration to be an odoriferous process in- 
volving nuisance, which should be avoided at any cost. Addi- 
tionally private interests are prone to foster this feeling for self- 
ish monetary reasons. How many Detroiters are aware of the 
fact that savings of $1000 per day are possible to their city 
through incineration. Incinerator manufacturers would do well 
to institute a campaign to educate the public at large as to the 
merits of incineration. 


J. F. Barxuey.'* Of particular interest to fuel engineers, 
whose work and training have made the saving of fuel a con- 
sideration of prime importance, is that part of the paper on the 
utilization of waste heat. The author aptly describes the re- 
action of many fuel engineers when he mentions the shock they 
receive in viewing the great amount of heat lost in connection 
with the usual example of incinerator practice in this country. 
It is frequently found, however, that fuel must be wasted rather 
than dollars. 

In Washington, D. C., a large incinerator burns rubbish with no 


13 Associate Mechanical Engineer, Department of Public Works, 
Detroit, Mich. Mem. A.S.M.E. 

14 Supervising engineer, Fuel Economy Service Section, U. 8. 
Bureau of Mines, Washington, D. C. Mem. A.S.M.E. Discussion 
published by permission of the Director, U. 8. Bureau of Mines; 
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added garbage. The total amount burned per year has a fuel 
equivalent of some 40,000 tons of coal. This plant is situated 
next to a large sewage pumping station. Many studies were 
made on this incinerator in the attempt to justify from a dollar 
standpoint the utilization of the waste heat available. Operating 
problems, involving periods of rubbish collection, necessities of 
rubbish storage, and auxiliary fuel to meet certain periods of 
steam demand, complicated the problem and increased the 
costs. It was found for this particular case that the saving of 
the heat could not be economically justified at present relative 
prices of equipment, labor, fuel, and electricity. Such calcula- 
tions and decisions bring out the difference between such prob- 
lems in the United States and in Europe. Fuel costs are too low 
in this country to justify the use of many possible fuels. At some 
future stage in this country’s history the economic situation is 
apt to develop so that incineration will not necessarily, as stated 
by the author, be one primarily of the destruction of refuse but 
also one of the production of useful heat. This is entirely a 
question of dollar valuation. 


AvTHOR’s CLOSURE 


Commenting on the discussion by A. R. Mumford, one should 
be careful in adopting data, especially as to calorific values of a 
mixture of materials such as garbage and rubbish, unless the 
conditions under which the data were developed, are ascertained. 
For example, in Table 1 of this discussion the moisture for gar- 
bage is given as 70 per cent and for rubbish 1.8 per cent, both 
under conditions as received at the plant for disposal. The 
calorific values given for these materials, under the stated con- 
ditions are 2520 and 8440 Btu per lb, respectively. It is the 
author’s judgment that on the average, higher moisture content 
will be found in both such classes of materials as delivered to 
the plant, and he has reason to believe that more generally rep- 
resentative moisture values would be 72 per cent for garbage 
and 7.5 per cent for rubbish. In the case of ash, including non- 
combustible materials in garbage, it is possible that at times it 
will be as high as 5.8 per cent, as shown by Mr. Mumford’s 
analysis, although the average, for all municipalities, allowing 
for seasonal variations, would approximate 3.6 per cent. 

In the case of rubbish, wherein Mr. Mumford shows the ash 
to be 14.5 per cent, this probably will be nearer to 20 per cent 
when taking into account that there is contained in rubbish con- 
siderable noncombustible materials in the form of tinware, en- 
amel ware, metals, bottles, and dirt. 

In the report of the late Major I. 8. Osborn, made for the Dis- 
trict of Columbia in 1915, in collaboration with the Bureau of 
Soils, U. 8. Department of Agriculture, and the Bureau of Mines, 
Department of Interior, the average calorific value for garbage 
was shown to be 2450 Btu per lb, and this result was obtained 
from 133 analyses taken over a period of a year, which covered 
the variations of such material, as collected, at all seasons. In 
this same report it was shown that the average calorific value 
of rubbish, as collected, including dirt, metals and other non- 
combustible materials, amounted to 5500 Btu per lb, which 
figure, compared with that for corresponding values which are 
given in Mr. Mumford’s discussion, shows a considerable 
difference. 

If the foregoing criticisms are valid, the calorific values of 
garbage and rubbish will be less than indicated in Mr. Mumford’s 
discussion. One of the objects in bringing out the foregoing 
points is to further emphasize the fact that mixed refuse, con- 
sidered as a fuel, is a very undependable material; and further it 
must be borne in mind that garbage, as delivered to the plant, 
containing an average 72 per cent of moisture, is not burnable 
in an incinerator of the conventional type; but, so far as the 
author is aware, the only known means of incinerating this ma- 


terial without additional fuel is by employing the method set 
forth in the latter part of the author’s article. 

The art of incineration, especially as applied to municipal 
wastes has been brought to its present stage of development 
principally by the builders of incinerators, doing a contracting 
business. Only within comparatively recent years have con- 
sulting engineers or municipal engineers taken responsibility for 
the design of plants and for their performance after plants have 
been built. 

The contractor usually has had to make two basic guaran- 
tees: First, that the plant will destroy a certain quantity of 
refuse in a certain time, and second that this will be accomplished 
with no objectionable odors. The fulfillment of these guaran- 
tees may be determined by tests lasting from a few hours to a 
continuous run of 30 days, according to the particular municipal 
contract. The contractor’s only protection, in many cases, has 
been that the city obligated itself to deliver a certain quality of 
mixed refuse. 

More often than otherwise, however, the weather was such 
that the collection by the city of the specified quality of refuse 
was impossible, and if the test fell down it created a most un- 
desirable situation for all parties concerned. But, regardless of 
the guarantee, the conscientious designer knows that, for his own 
and the city’s best interest, he should deliver to the city a plant 
that will perform satisfactorily under the most adverse condi- 
tions. The watermelon season, or a prolonged spell of wet 
weather will render any set of heat-balance calculations which 
are based on average conditions quite useless. 

Anyone concerned in municipal-incinerator design should use 
the heat balance as a tool, and as such it is very valuable pro- 
vided the designer will recognize the great range of conditions 
he must figure against. 

W. J. Ellenberger’s discussion, calling attention to the im- 
portance of coordination in planning for the disposal of munici- 
pal wastes, is timely, and the author believes that lately the 
engineers and municipal authorities have been giving this idea 
more attention. The maceration of garbage and flushing into 
sewers is a method of disposal of comparatively recent usage, 
and it is still too early to draw conclusions either as to the effect 
upon sewers and sewage systems, or upon the final disposal 
costs. 

The St. Louis situation is unique because of the fact that 
macerated garbage is discharged directly into the Mississippi 
River, without passing through any sewage-treatment plant. 
The discussion does state that there is a reduction in the dis- 
solved oxygen content of the river water adjacent to and below 
the sewer outlet, and it is just possible that in time this will be 
found noticeable at greater distances than have so far been ob- 
served. 

It should also be remembered that if cities adopt the method 
discussed by Mr. Ellenberger for the disposal of garbage, there 
still remains the problem of having to dispose of combustible 
rubbish. With enough combustible rubbish to permit burn- 
ing garbage without additional fuel, the cost for handling 
garbage through a mixed-refuse incinerator may prove to be 
less than disposal with sewage, if it were possible to separate and 
to include in the cost all proper charges. 

H. E. Stilson’s discussion is worthy of careful review, as it 
comes from one versed in the art of burning all sorts of munici- 
pal, industrial, and domestic wastes. The author agrees that 
further analytical work should be done in connection with air re- 
quirements and other such fundamentals for burning of various 
waste products. Highly important is careful study in the selec- 
tion of the materials going into the construction of incinerators, 
especially in regard to refractories, as more severe service con- 
ditions are to be met than are encountered in ordinary fuel- 
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burning operations, because of the wide range of temperatures 
in a short period of time. 

Regarding Mr. Stilson’s comments on the relative costs of 
two similar sized plants in Toronto, Canada, one manually 
charged and the other crane-charged, the author believes that the 
two types of plants would probably have the same relationship 
of cost if operated under identical conditions or in one city, 
whether Toronto or Kansas City. His intent in making refer- 
ence to this obviously is that a plant having a certain operating 
cost in Toronto probably would not have the same cost as a plant 
of similar type in Kansas City, because of varying labor rates 
paid in the respective cities, and maybe having less careful or 
efficient supervision. 

Inasmuch as the point has been raised, the author thinks it 
would be helpful to place in the record that, in the case of the two 
plants cited in Mr. Stilson’s discussion, the same rates of pay for 
the same sort of operations are current in both plants; but, in 
the case of the Symes Road plant there are crane operators em- 
ployed whose rates are higher than other operators employed at 
either of these plants. In Toronto, the following wage rates are 
in force: foremen receive $40 per week, crane operators receive 
$35 per week, stokers receive $31 per week, chargers receive $30 
per week, and all other labor receives $30 per week. These wage 
rates have been in effect since 1930, and the author doubts if 
higher average rates are paid in cities of the United States, ex- 
cept in some few localities where the labor employed is highly 
organized. 

A comparison of the Wellington (manually operated) and 
Symes Road (crane operated) plants at Toronto showed that in 
1936 the man-hours of labor per ton was 1.5 and 0.7, respectively, 
for these two plants, it is of further interest to note that the 
labor cost cited in the paper,' page 271, includes the actual labor 
employed in disposal of the garbage, such as chargers, stokers, 
and ash-run men, and in the case of the Symes Road destructor, 
includes the crane operators; the difference between the labor 
cost and the total cost is made up of annual vacations, statutory 
holidays, half day off per week, sick-leave allowance, foreman, 
floorman, weigh clerk, time clerk, and the disposal of ash resi- 
due, all of which was taken from the report as issued by the 
department in charge for the City of Toronto. 

Comparing the operating cost of 1936 at Symes Road with 
that of 1935, it was shown that the operating cost in 1936 was 
slightly in excess of 1935, and this difference was accounted for 
by the employing in 1936 of a gardener and a general utility 
man. In Toronto, appropriations for the disposal of refuse 
by incineration are set up on an annual basis, and, irrespective 
of tonnage handled, the full staff is maintained for the entire 


year. 

Loran D. Gayton’s discussion is based on his technical back- 
ground and understanding of the factors involved in the disposal 
of municipal refuse; he has lived with the problem and has 
had much actual incinerator experience. In his city there is 
an incinerator plant handling mixed refuse for the purchase 
of which he had responsibility through the drafting of specifica- 
tions. 

This kind of experience is being acquired by other municipal 
engineers through similar responsibilities, and it is from such 
sources that information on the problem of waste disposal will 
gradually become available to all those interested. 

H. P. Eddy points out some of the problems to be taken into 
consideration in connection with the selection of an incinerator, 
and further discusses the application to an incinerator of steam- 
generating units. Sterilizing of the tin cans by passing them 
through the incinerator is excellent, and the author agrees with 
him as to the sanitary accomplishment; but the tin cans in some 
collections are in such quantity as to necessitate more frequent 
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fire cleaning, and for this reason it presents a real and most un- 
desirable problem to the plant operator. 

The author further agrees with Mr. Eddy that the size of the 
plant for any given city cannot be definitely selected by any rule- 
of-thumb method; however, it is surprising to learn of the large 
number of cities having no records whatsoever (or if any, are not 
sufficiently dependable), from which to determine the production 
to be expected. Mr. Eddy’s discussion, pointing out as it does 
that the per capita weight of production in two cities varies as 
much as 100 to 200 per cent, is not surprising to the experienced 
engineer. Not alone the total amount of material collected, 
but the relative proportions of garbage and rubbish with their 
respective combustible moisture and ash values must be known, 
in order that the engineer may make determinations as to funda- 
mental requirements. 

In order to emphasize further the importance of thorough 
study of any particular community for which a plant may be 
proposed, the author wishes to state that it has come to his at- 
tention that there is at least one city wherein the production of 
combustible rubbish is represented to be over 300 per cent of 
its garbage. 

R. H. Stellwagen’s discussion, coming from an engineer who 
has been very much responsible for studies of the refuse-disposal 
situation in Detroit, brings to attention the added problem of 
local opposition to the erection of a plant which usually does 
not come to light until after the project is well under way. The 
municipal engineer, when recommending incineration as the 
means for refuse disposal, especially when other methods may 
have previously been in use (and probably not under municipal 
control), may meet with strong opposition to the improvement. 
The public is frequently influenced by such opposition and may 
even object to the installation thereof, using various arguments, 
such as claiming that the plant will be a nuisance, or that prop- 
erty will be depreciated, either from the operation of the plant in 
an unsanitary manner, or because of the concentration of col- 
lection vehicles in their vicinity. 

J. F. Barkley is apparently in agreement with the author with 
reference to the difficulty of justifying steam-generating units 
in a refuse-disposal plant. He aptly expresses a fundamental 
applicable to the disposal of any city waste when he states: 
“It is frequently found, however, that fuel must be wasted 
rather than dollars.” To this might be coupled a quotation 
from the article appearing on the editor’s page of Water Works 
and Sewage, November, 1929: “There remain then, sanitation, 
convenience, and sense, and the greatest of these is sense—‘com- 
mon sense,’ so-called, some one has said, ‘because it is the least 
common thing on earth.’ ” 

In concluding, the author wishes to comment further on the 
value of preheated air and the use of secondary air in the dis- 
posal of refuse by incineration. In order to facilitate the chemi- 
cal changes and the combination of elements necessarily involved 
in combustion, preheated air should be used, particularly as car- 
bon and oxygen do not readily combine at ordinary atmospheric 
temperatures. The advantages resulting from the use of pre- 
heated air may be summed up as follows: 

1 There is added considerable amount of heat units to the 
furnace side of the heat-balance sheet. 

2 The reduction of the excess of air supplied, and a conse- 
quent diminution of dilution of the combustion gases. 

3 Increase in the rapidity of ignition of a fresh charge of refuse, 
and if a boiler is employed, a consequent increased regularity of 
boiler pressure. 

4 Increase in temperature obtaining in the combustion cham- 
ber. 

5 Increase in boiler efficiency by increase in evaporation due 
to the previously mentioned advantages. 
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6 Dispensing with the installation of a costly economizer. 


SECONDARY AIR 


It is highly desirable to introduce air into the furnace and/or 
combustion chamber, for it has been demonstrated that when so 
used, under proper control, better combustion takes place with 
attendant higher and more uniform temperatures. Preferably, 
the air should be preheated except in those instances where 
highly combustible materials are being incinerated. There are 
four recognized applications for use of secondary air: (1) Where 
nonpreheated air is introduced into the furnace chamber; (2) 
where nonpreheated air is introduced into the combustion 
chamber; (3) where preheated air is introduced into the furnace 
chamber; and (4) where preheated air is introduced into the 
combustion chamber. 

1 Where Nonpreheated Air Is Introduced Into the Furnace 
Chamber. It is the author’s judgment that at no time should 
nonpreheated air be introduced into the furnace chamber. 
Aside from the thermal stresses introduced by such a procedure, 
the furnace chamber requires all the heat available to assist in 
the early release of the products of combustion; further, much 
credit must be given to the effect of radiant heat from the large 
mass of brickwork presented by the continuous arch which ex- 
tends over all of the fires of one unit, tending to increase ca- 
pacity and to raise temperatures more quickly and permit prompt 
ignition of the materials being burnt—which radiant heat is 
materially reduced when nonpreheated air is introduced into 
the furnace chamber. 

2 Where Nonpreheated Air Is Introduced Into the Combustion 
Chamber. If it is found that temperatures are running too high, 
nonpreheated air may be introduced into the combustion cham- 
ber, but care should be taken not only to assure as nearly uniform 
quantity as possible being introduced, but that the air should be 
so admitted as to produce a satisfactory mix without direct con- 
tact of the cool air with the refractory lining of the combustion 
chamber. 

3 Where Preheated Air Is Introduced Into the Furnace Chamber. 
Preheated secondary air can satisfactorily be introduced di- 
rectly into the furnace through perforations in castings em- 
ployed as jamb blocks and arch supports, such as are frequently 
used to surround the stoking or clinker doors of the furnace. 
These castings serve a twofold purpose of providing materials 
which are protected against the building up of high tempera- 
tures within themselves because they are air-cooled, and of pre- 
senting a surface sufficiently hard to withstand the continuous 
wear of the stoking tools. Such a design as herein referred to is 
an important contributing factor, accounting for the large ca- 
pacities and relatively uniform temperatures of furnaces so con- 
structed. 

4 Where Preheated Air Is Introduced Into the Combustion Cham- 
ber. Preheated air when introduced directly into the combustion 
chamber will produce best results when entering the chamber 
through the bridge wall of the furnace. In this way it produces 
an excellent mix at the threshold of the chamber, and also aids in 
maintaining the bridge wall in better condition. 


CoNCLUSION 


When consideration is given to the difficulties inherent in the 
materials to be dealt with coupled with the fact that they are 
under control of public authorities who are frequently restricted 
by laws and ordinances from using public funds for experimental 
installations—and the further condition, obtaining in many mu- 
nicipalities, wherein the judgment of the city’s engineers is over- 
ridden by politicians holding superior positions, possessing little 
knowledge of the art, and preferring the conventional—as being 
less liable to involve criticism or, as may sometimes be the case, 


having undisclosed interests to serve—it is understandable that 
60 years should be required to bring incineration as applied to 
municipal refuse to its present state of development. 

If all the elements of the problem were in competent hands 
under control of private interests, a much higher rate of progress 
might be predicated. The possibilities of effecting further 
economies and efficiencies are fully attested by developments 
such as those described for the incineration of garbage without 
rubbish or other fuel, and others awaiting opportunity for dem- 
onstration, all at the expense of private capital. However, with 
conditions obtaining as previously mentioned, it is hardly 
likely that revolutionary changes in practice will soon be in 
evidence. 

It is only through some chance opportunity that the vision 
of a capable designing engineer, experienced in the art, may be 
joined with a municipality administered by officials favorably 
disposed toward improvement in methods and free from ham- 
pering restraint, that the full value of such developments can 
be demonstrated and established. It is from such rare combi- 
nations that all advancements hitherto made have come about, 
and in all likelihood we will have to await their recurrence for 
further developments, and the operating data required for their 
justification. 


The Separation and Emission of 


Cinders and Fly Ash’ 


Huser 0. Crort.? To those not actually engaged in the dust- 
separation business, the theory of separation has been somewhat 
of a mystery. This paper clarifies the theoretical features of the 
problem and presents experimental information for consideration 
by the specialists in dust-removing equipment, thus giving the 
paper a supporting, or perhaps supplanting, foundation. 

We all know that dust streams are not homogeneous, nor are 
the dust particles as well-behaved as we would wish them to be; 
however, due to our lack of knowledge in most theoretical de- 
velopments, we always take the ideal case with which to conjure, 
as the author has done in this analysis. 

One particular difficulty with a complete analysis of this prob- 
lem is that uniform flow, parallel to the enclosing duct, does not 
exist in most commercial installations. Instead, there are eddies 
and whirls, with the main stream flowing along the duct with 
varying transverse cross-sectional areas from point to point; these 
conditions make a complete analysis extremely difficult, not to 
mention the physical obstacles in obtaining true dust samples 
with which to confirm the theory. 

The term efficiency, when applied to dust-separating equip- 
ment, has always been a rather intangible and difficult quantity 
to define. The author has presented a definition of the over-all 
efficiency of separating equipment, as indicated by Equation [7] 
of the paper, which equation in the writer’s opinion appears to be 
extremely satisfactory. 

Engineers have been interested primarily in the amount of sol- 
ids removed from industrial flue gases because of the relative ease 
of direct measurement when, as a matter of fact, we should center 
our attention on the amount and physical properties of the solids 
remaining in the gases discharged to the atmosphere. The analy- 
sis presented in this paper apparently breaks down for dusts 
smaller than 200 u, while the minimum size theoretically removable 
by gravitational means is of the order of 1 to5 yu. Since it is in 
these smaller sizes that a great share of human discomfort may 


1 Published as paper FSP-59-9, by A. C. Stern, in the May, 1937, 
issue of the A.S.M.E. Transactions. 

2 Head of Department of Mechanical Engineering, University of 
Iowa, Iowa City, Iowa. Mem. A.S.M.E. 
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be traced, particular attention should be focused on the mechanics 
of these smaller sizes. 

The writer would like the author to express his ideas as to why 
the theory and fact are apparently in disagreement at sizes below 
200 


W. A. Carter.’ The author has presented ingenious charts and 
diagrams for the use of designers when estimating the efficiencies 
of ducts, heat traps, and separators in collecting flue dust, but has 
unfortunately not included any allowance factors that necessarily 
have to be applied to the efficiency of collection in order to com- 
pensate for his “simplifying assumptions, such as the absence of 
eddy currents, the absence of turbulent reentrainment of sepa- 
rated dust, and the presence of a uniform distribution of dust and 
gas velocity.’’ Of course, these ideal conditions are seldom, if 
ever, encountered in actual service. 

It would be interesting to know if the author can furnish any 
comparative data on the estimated and actual dust-separation 
efficiencies of a specific duct, heat-trap, separator system. 

The writer would like to call attention to two factors that may 
vitiate the value of estimates of flue-dust collection efficiencies. 
First, in collecting data on the quantity and size frequency of dust 
leaving the fuel-burning furnace, erroneous values are often ob- 
tained due to incomplete collection of all sizes of the dust. Sec- 
ondly, such unrepresentative samples, or others obtained from a 
separator in actual service, and necessarily not operating at 100 
per cent efficiency, will not be suitable for feeding into an air 
stream passing through a separator under test in a laboratory. 
Efficiencies of separation with such samples will not indicate 
what the separator will do in actual service, as the dust-laden air 
entering the separator is not representative of dust-laden gas in 
actual service. The efficiency of the separator will be too high 
in such a laboratory test due to the absence of part, or all, of 
the extremely fine dust particles in the dust used in the air stream 
going through the separator. 


AUTHOR’s CLOSURE 


Professor Croft voices the author’s own opinion, and answers 
his own question as to why theory and fact are apparently in 
disagreement at sizes below 2004, when he states early in his 
discussion that instead of theoretical uniform flow, parallel to 
the enclosing duct, there are eddies and whirls which keep the 
lighter particles in suspension. 

The author cannot finish the comparative data requested by 
Mr. Carter, but hopes to be able to do so in the near future. 

It should be noted that the concluding sentence of the section 
headed “Experimental Determination of Size Efficiency” specifi- 
cally admonishes that “only experimentally determined values of 
size-efficiency should be used for design purposes” in the charts, 
diagrams, and formulas presented prior to that section. All mat- 
ter following the section ‘“Graphical Methods for Determination 
of Removal Efficiency” is admittedly theoretical and is presented 
not for design purposes, but merely for its academic interest. 
The two vitiating factors noted are the very ones, the attempted 
overcoming of which, led to the development of the methods 
shown in the original paper. The use of Figs. 3 and 4 will allow, 
by extrapolation, quite an accurate estimation of the size-fre- 
quency of that portion of the dust sample too fine for collec- 
tion in the sampling device used. It is the author’s opinion that 
the additional use of graphical size-efficiency data such as Fig. 
6 and of the other methods discussed in the original paper, will 
allow an accurate analysis of just what a separator will do, from 
the very same data that Mr. Carter concludes will not indicate 
what can be accomplished in actual service. 


3 Technical Engineer of Power Plants, The Detroit Edison Com- 
pany, Detroit, Mich. Mem. A.S.M.E. 
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Maintenance of High-Speed Diesel 
Engines on the Canadian 
National Railways’ 


R. Tom Sawyer.? This paper discusses some of the main- 
tenance problems of the most common and successful types of 
railroad Diesel engines. The author and the other engineers 
responsible for maintaining Diesel engines on the Canadian 
National Railways have solved their maintenance problems in a 
sound engineering manner. 

The Diesel engine when first developed was a very heavy ma- 
chine, but the predecessor of the Canadian National Railways 
engine, the successful William Beardmore airship Diesel engine, 
weighed less than 10 Ib per bhp. The first Canadian National 
Beardmore engine weighed 16 lb per bhp without the base while 
the later type, strengthened for relatively long life, weighs 30 to 
40 lb per bhp including the base for holding the generator, which 
is obviously necessary. The writer is citing this to bring out the 
point that this weight checks with the weight of the heavy-duty 
gasoline rail-car engines as produced since 1928 which were far 
more successful than the earlier automotive rail-car engines. 

There are two ways of approaching this maintenance problem: 
One is to start out with the lightweight airship engine and make 
it reliable through a process of building it up in a determined 
manner as the Canadian National has done. The second method 
is to take a substantial stationary-type Diesel engine and through 
a thorough process of elimination produce a rugged railroad en- 
gine. This is the method employed by the American Locomo- 
tive Company. We also have reached this balance weight of 30 
to 40 lb per bhp in the 900-hp four-cycle supercharged engines 
recently delivered to the Birmingham Southern Railroad as well 
as the Philadelphia, Bethlehem & New England Railroad. 

The writer agrees with the author that the engines should be 
subjected to a definite maintenance schedule. It is pleasing to 
note that his problems are straight maintenance problems and his 
engines have no inherent defects. The locomotive Diesel engine 
developed by the American Locomotive Company, similar in 
design to those described by the author, was first brought out 
seven years ago and has been somewhat refined. During this 
period the Alco engine has not had one piston that has cracked 
or burned, the valves are only ground once a year, not one cylinder 
head has cracked in service, no wrist-pin bearings have yet worn 
out, main and connecting-rod bearings last for several years, and 
not one crankshaft has broken or developed any critical speeds 
in the operating range. The simple construction of the cylinder 
liners gives a low lubricating-oil consumption and a life of from 
5 to 10 years. This result is obtained only by years of careful 
analysis by both railroad and Diesel-engine men combined—this 
is the case wherever you find a successful Diesel engine operating 
in railroad service. 

Engineers have learned that if you want an engine to give long 
life in railroad service don’t skimp in its construction, don’t cut 
the size of bearings, don’t take the strength out of its frame so it 
will breathe. Make it solid, make it rugged, make it simple and 
when you get through you will find that (1) you have spent over 
one million dollars, (2) you took from three to five years, (3) 
you probably built the simple four-cycle type, (4) you made it 
weigh complete with base between 30 and 40 lb per bhp, and (5) 
after you have done all that you will then find the Diesel engine 
is only a small portion of the complete Diesel locomotive or rail 
car. 


! Published as paper RR-59-2, by I. I. Sylvester, in the May, 1937, 
issue of the A.S.M.E. Transactions. 

2 Sales Engineer, Diesel Locomotives, The American Locomotive 
Company, New York, N. Y. Mem. A.S.M.E. 
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Combustion of Pulverized Coal 


By HENRY KREISINGER,' NEW YORK, N. Y. 


This paper deals with the combustion of pulverized coal 
with special reference to water-cooled furnaces. It dis- 
cusses the effect of various factors on ignition, and follows 
the process of combustion through the furnace. The 
factors that are given consideration are the amount of 
primary air, admission of secondary air, fineness of coal, 
percentage of moisture and volatile matter in coal, char- 
acteristics of ash, mixing, oxygen concentration, and 
furnace temperature. 


WO OUTSTANDING features in the progress of steam- 

generating equipment within the last 15 or 20 years are 

the application of pulverized fuel and the development of 
water-cooled furnaces. The development of either of these 
features stimulated the development of the other. The burning 
of pulverized coal could not be a complete success without water- 
cooled furnaces, therefore, the desire for successful installations 
for burning pulverized coal has encouraged the development of 
water-cooled furnaces. They are now used even with small 
steam-generating units. 


FURNACES 


Advantages. Water-cooled furnaces have made possible large 
steam-generating units, and high rates ot combustion and have 
practically eliminated furnace maintenance. They can be made 
large because they are built of tough steel instead of fragile 
refractories. Expansion and contraction can be easily taken care 
of because the temperature of the metal water-cooled walls varies 
over a range of only about 500 F. The temperature of refractory 
walls varies over a range of 2000 F. 

High rates of combustion can be used because, while intensive 
mixing in the furnace is required for good combustion, the sweep- 
ing of the burning mixture over the water-cooled steel walls 
does not damage them. In some designs the water-cooled walls 
are used to change the direction of the flow of burning mixture, 
and this change of direction produces mixing. Without intensive 
mixing in the furnace at high rates of combustion many of the 
larger particles of coal would pass out of the furnace only partly 
burned and the flue dust would run high in combustibles. 

Water-cooled furnaces absorb a large amount of heat thereby 
lowering the temperature of the furnace gases and of the ash 
carried by the gases so that the ash particles do not stick to the 


1 Engineer in charge of research and development, Combustion 
Engineering Company. Mem. A.S.M.E. Mr. Kreisinger came to 
this country in 1891 from Czechoslovakia where he had learned the 
machinist’s trade. In 1904 he was graduated from the University of 
Illinois with the degree of B.S., receiving his M.E. in 1906. Subse- 
quently he was engaged with the U. 8. Geological Survey, the Clinch- 
field Fuel Company, and the U. S. Bureau of Mines. During the 
War he was connected with the U. 8. Shipping Board. Since 1920 
he has been associated with his present concern, devoting much of his 
time to the development of methods and furnaces for burning pul- 
verized coal. 

_ Contributed by the Power Division and presented at a joint meet- 
ing of the Border Cities Branch of the Engineering Institute of 
Canada and the Detroit Section of THe AMERICAN Society or ME- 
CHANICAL ENGINEERS at Windsor, Ont., Canada, November 16, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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boiler tubes and the superheater elements. This would clog 
the gas passages and make high rates of combustion impractical. 
At present high rates of combustion are limited by the slagging 
of boiler tubes and superheater. 

Drawbacks. There is a general impression that it is difficult to 
light a fire in a water-cooled furnace, that the fires are unstable 
at low ratings, and that the absorption of heat by the water- 
cooled furnace walls retards combustion. However, these draw- 
backs are more imaginary than real, as refractory furnaces are 
just as cold as water-cooled furnaces when fires are started, and 
the stability of fire at any rating is largely a matter of burner 
design, air adjustment, and a steady fuel supply to the furnace. 
For easy lighting and stable fires at low ratings the burners should 
be so designed that only part of the air needed for complete com- 
bustion is supplied with the coal. This makes a rich mixture 
which ignites readily, and because of the small weight of air 
the mixture is heated quickly to ignition temperature. When a 
cold automobile engine is started the air is choked to obtain a 
rich mixture which ignites readily. In a boiler furnace the addi- 
tional air needed for complete combustion should be supplied 
beyond the zone of ignition. 

Beyond the temperature required for quick ignition of the fuel, 
nothing is gained by going to a higher temperature. In fact there 
are experimental indications that high temperatures retard com- 
bustion. 

PuLVERIzED CoaL 


The main reason why pulverized-coal firing is favored over 
other methods of burning coal is because pulverized coal burns 
like gas and, therefore, fires are easily lighted and controlled. 
Almost any kind of coal can be reduced to powder and burned 
like gas. A change of coal upsets the operation of a pulverized- 
coal plant to a much smaller degree than it does a stoker-fired 
plant. Pulverized-coal furnaces can be readily adapted to burn 
other fuels that burn like gas, and in that respect are capable 
of burning almost any fuel which is used for making steam. 

Pulverized coal is a mixture of small particles of coal varying 
in size from about one millionth to about one fiftieth of an inch, 
which is a large range. If a small sample of pulverized coal be 
magnified 1000 times, the smallest particles would appear the 
size of a small grain of sand and the largest ones like boulders 
about 2 ft in diameter. Between these two extremes there would 
be all the sizes imaginable, with many of the smallest particles 
clinging together in clusters and others adhering to the surfaces 
of the large particles. 

Coal is pulverized so that it can be kept in suspension in mov- 
ing air and supplied to the furnace in a stream. The air gives the 
mixture its fluidity so that it can be handled and burned like gas. 
Reducing the coal to powder makes it possible to bring the oxygen 
of the air closer to the coal with which it is to combine. At a 
furnace temperature of 2000 F a piece of coal of 1 in. diam re- 
quires for its complete combustion a volume of air contained in 
a sphere 3 ft in diam. If the piece of coal were in the center of 
this sphere of air, the average distance of the oxygen molecules 
within this sphere from the piece of coal would be about 13 in. 
A particle of coal of 0.006 in. diam, which is the largest size that 
will pass through 100-mesh screen, requires a volume of air such 
as contained in a sphere of 0.22 in. diam. With the particle of 
coal located in the center of this sphere, the average distance of 
the oxygen molecules within this sphere from the coal particle 
is less than 0.09 in. 
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Determination of Fineness. The fineness or size of pulverized 
coal is determined by running a sample of it through a set of 
screens and obtaining the percentages going through each screen. 
The usual mesh sizes of screens used for such determination are 
200, 100 and 50, or 40. Thus, the fineness of pulverized coal may 
be described as 70 per cent through 200-mesh, 90 per cent through 
100-mesh, and 98 per cent through 50-mesh screen. The per- 
centage left on 50-mesh screen should be small because this over- 
size coal usually does not stay in the furnace long enough to be 
burned to ash. Much of it is deposited in the soot hoppers or is 
carried out of the stack only partly burned. It is more important 
that the percentage on 50-mesh screen be low than that a high 
percentage go through 200-mesh screen. The largest particles 
going through 200-mesh screen are about 0.003 in. diam. The 
number of these large particles is comparatively small and there 
are a great many small particles approaching one millionth of an 
inch. These small particles are mere dust and stay in suspension 
a long time even in quiet air. Although their total weight is 
not great their number is large, and when pulverized coal is 
brought into a furnace they ignite readily and burn quickly. 


CoMBUSTION 


Combustion of Pulverized Coal. It is difficult and inconvenient 
to make accurate observation of a particle of coal burning in a 
boiler furnace. Most of the particles are small and hard to see 
in a burning mixture; they also move fast and burn quickly. 

In some cases, however, when the percentage of oversize coal 
is high the very large particles can be seen beyond the tips of the 
luminous flame as large flaming dots about a quarter of an inch 
in diameter. This apparent large size of the particles is due to 
the envelope of flame, indicating that the volatile matter is still 
coming off and burning. After all the volatile matter has been 
burned these burning particles appear as bright specks much 
smaller than the flaming dots. 

When the coal particles enter the furnace they are rapidly 
heated and, as their temperature rises, moisture and volatile 
matter are driven off. The volatile matter ignites and burns with 
a hot luminous flame. After the volatile matter has been burned, 
the residue of fixed carbon starts to burn without visible flame 
and combustion proceeds to completion. 

Time Required for Combustion. The length of time coal par- 
ticles take to go through the process of combustion depends on 
the size of the particles, the moisture content, and the volatile- 
matter content. The small particles burn almost instantane- 
ously. The largest particles take one or two seconds or even 
longer and many of them never burn completely. Coal with much 
moisture takes more time because the moisture must be driven 
off first before the temperature can rise high enough to distill and 
burn the volatile matter. Coal with high volatile-matter content 
requires less time to burn because the volatile matter diffuses into 
the surrounding air and meets the oxygen half way, whereas the 
residue of fixed carbon remains in the particles and must wait un- 
til the oxygen comes to it. While the volatile matter is being 
driven off no oxygen can penetrate to the surface of the particle 
because it is caught by the volatile matter and is combined with 
it. In fact while the volatile matter is being driven off, the heat 
that reaches the surfaces of particles is used to drive off the 
volatile matter and the fixed carbon does not reach the ignition 
temperature. 

Combustion of Cubes of Lignite. The various stages of the 
process of combustion can be observed in detail with a larger piece 
of coal. If a small cube of coal with a thermocouple in the cen- 
ter of it is placed in a laboratory muffle furnace heated to 
about 850 C, the rise of temperature inside the cube can be de- 
termined and the stages of combustion studied in detail. Fig. 1 
shows the rise of temperature at the center of four such cubes of 
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lignite placed in a muffle furnace. The figure is taken from Tech- 
nical Paper 207 of the Bureau of Mines entitled “Combustion 
Experiments With North Dakota Lignite.”’ 

During the first minute the heat received by the cube was used 
mostly to evaporate moisture. This stage of combustion was 
lengthened by the high moisture content. During the second 
minute smoky gas could be seen coming out of the surfaces, and 
at the end of the second minute flame appeared and enveloped the 
cube. The driving off and burning of the volatile matter con- 
tinued and at the end of four minutes the edges of the cube be- 
came cherry red and small pieces were chipping off. Cracking 
continued but a large part of the cube stayed together until the 
end of 15 min. The temperature at the center of the cube rose 
very slowly during the first 10 min while the moisture and volatile 
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TLME, MINUTES COUNTED FROM THE INSTANT CUBE WAS PLACED IN FURNACE 


Fig. 1 TrMpERATURE RISE IN THE CENTERS OF SMALL CUBES OF 
Lignire WHEN PLACED IN A MuFFLe FurNACcE HEATED TO A TEM- 
PERATURE OF 850 C 


(The temperature in the center of the cubes rises slowly while moisture and 
volatile matter are driven off.) 


matter were driven off, and then rose rapidly. In the case of the 
11/,-in. cube the elimination of the moisture and the volatile mat- 
ter took almost 20 minutes. 

The remnants of the first two cubes were taken out of the fur- 
nace at the end of fifteen minutes and placed on an asbestos sheet. 
The temperature in the interior of the cubes dropped to about 
600 C at which point it remained constant for some time. The 
surfaces of the cubes were covered with ash but through the 
cracks in this ash layer dull red was visible. Evidently enough 
air penetrated through the layer of ash to the unburned carbon 
to support a slow combustion which maintained the temperature 
at about 600 C. Although the ash layer prevented, to a large 
degree, contact of oxygen with the combustible underneath, it 
also prevented rapid dissipation of heat. 

This experiment shows that the heat absorbed by the cube dur- 
ing the first few minutes was used to drive off the moisture and 
volatile matter, and that the temperature of the fixed carbon 
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does not rise appreciably until after this has taken place. The 
loss of moisture and volatile matter occurs first in the outer 
layers of the cube especially at the edges and corners which 
heat faster. They are brought to glowing temperature before 
the body of the cube, and the fixed carbon in them would start 
to burn if the envelope of burning volatile matter permitted oxy- 
gen to come into contact with it. When most of the volatile 
matter is gone and oxygen can come in contact with the fixed 
carbon, the latter starts to burn, leaving the cube as CO,, but the 
ash stays behind gradually forming a protective layer over the 
remaining fixed carbon. The oxygen that penetrates the layer 
of ash and comes in contact with the fixed carbon combines with 
it to form CO, or other carbon compound, and this CO, is delayed 
under the ash layer, making it more difficult for more oxygen to 
get in. 

In the burning of pulverized coal the various stages are much 
shorter, but their relative length and sequence are the same. 
The length of the stages is greater with the larger particles, and 


| 
~ 
| 
| 
Si 
SS 


9 


200 400 600 000 
TEMPERATURE °C. 


Fie. 2. RELATION BETWEEN TEMPERATURE AND RaTE or ComBus- 
TION 


(Curve AOB regoente the variation of speed of chemical combination with 

temperature. urve CD represents the speed of contact making. At the 

left of the intersection point O only some of the molecules of oxygen that 

make contact combine with the combustible; at the right of point O all 

oxygen molecules that make contact combine with the combustible. The 
speed of combustion is represented by the lines AOD.) 


the ash residue is a greater hindrance to oxygen making contact 
with the remaining carbon because there is more of it in the larger 
particles. The character of the ash and its behavior at the furnace 
temperature probably has an effect on the contact making be- 
tween the oxygen and fixed carbon. With some coals the ash is 
fluffy, fragile, and easily torn off by turbulence; with other coals 
it is tough and adheres tightly to the remaining carbon. The 
retarding effect of the ash on the contact making between oxygen 
and carbon is often attributed to the so-called lower reactivity of 
the carbon. 

What Is Combustion? Combustion of coal is the chemical com- 
bination of the combustible matter in the coal with the oxygen 
of the air. The combustion process in a boiler furnace takes place 
in two steps; first, the combustible comes into contact with the 
oxygen, and second, the two combine chemically. Obviously 
the chemical combination cannot occur any faster than the 
contact making, and this is true whether the combustible is in a 
gaseous or solid state. Above the ignition temperature the 
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chemical combination is instantaneous. Therefore, the rate of 
contact making determines the rate of combustion. This is a 
fundamental principle of combustion in boiler furnaces. 

Speed of Chemical Combination. At lower temperatures the 
speed of chemical combination is about doubled by a tempera- 
ture rise of 10 C. We do not know how far up the temperature 
scale the doubling continues, but it is certain that this doubling 
of the speed does not continue up to 700 C. However, it is also 
reasonably certain that the speed continues to increase with rise 
in temperature, although at a decreasing rate, up to a tempera- 
ture considerably above 700 C. Eventually a temperature is 
reached beyond which there is no further increase but a decrease 
in the speed; or to state it more correctly, a temperature is 
reached at which dissociation begins. At still higher temperature 
a point is reached where the compounds dissociate as fast as they 
are formed. It is said that no compounds exist in the sun because 
of the high temperatures. However, it is safe to assume that, 
in a boiler furnace, the chemical combination is practically in- 
stantaneous at and above the temperature of ignition. Hence 
the chemical combination takes place as fast as oxygen and com- 
bustible come into contact, and the rapidity of combustion de- 
pends entirely on the rapidity at which contacts are made. 

The relation between the rate of combustion and temperature 
is shown graphically in Fig. 2. The rate of chemical combination 
is represented by the curve AOB and the rate of contact making 
by the line CD crossing the curve AB at O. At low temperature 
many molecules of oxygen make contact with the coal particle 
but only comparatively few combine with the combustible, and 
the speed of combustion is equal to the speed of chemical com- 
bination. As the temperature rises, an increasingly greater pro- 
portion of the molecules that make contact combine with the 
combustible until the point O is reached where all the molecules 
that make contact with the combustible combine with it. This 
point may be called the ignition temperature. Above this tem- 
perature the rate of combination is as high as the rate of contact 
making, and the rapidity of combustion depends entirely on the 
contacts made. The oxygen and combustible must make contact 
before they can combine. The speed of combustion follows the 
line AOD and, to increase the rapidity of combustion, the line CD 
must be raised particularly the part OD. This is done mainly 
by increased mixing. 

The combustion of coal in the fuel bed of a hand-fired furnace 
is a good illustration of coal burning as fast as oxygen is brought 
into contact with it. Take, for example, a 6-in-thick fuel bed of 
1/,- to l-in. anthracite. If air is forced through it at greatly vary- 
ing rates, the rate of combustion will vary in direct proportion to 
the rate of air supply. The oxygen will be all used up in combus- 
tion before the air reaches the top of the fuel bed, and the gases 
rising will contain about 10 per cent CO., and 25 per cent com- 
bustible gas, but no free oxygen. This condition of combustion 
is maintained until the velocity of air through the fuel bed becomes 
so high that it blows the coal off the grate and the fuel bed cannot 
be maintained. Coal can be burned at rates of from 5 to about 
120 lb per sq ft of grate per hr with about the same gas com- 
position above the fuel bed. 

Another example of the rate of combustion depending on the 
rate of contact making is in the cutting of metal by a jet of oxygen. 
The metal is heated to ignition temperature by burning gas with 
oxygen, and then the gas is cut off and oxygen is supplied to the 
metal in a high-velocity jet. The oxygen makes contact with the 
heated metal at a high rate and produces proportionately rapid 
combustion. The heat is generated so fast by this combustion 
that it melts the metal away. 


DESIGNING PULVERIZED-COAL FURNACES 


The problem for the designer of pulverized-coal furnaces is to 
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provide conditions favorable to ignition temperature close to the 
burner and rapid contact making in the burning mixture. Con- 
ditions favorable to quick ignition close to the burners are small 
amount of air with the coal, fine pulverization, and turbulence. 
When fires are started in a direct-firing system the pulverizing 
mill is operated at a low milling rate with reduced air flow 
through the mill. Such operation results in fine pulverization. 
Rapid contact making is produced by intensive mixing of the 
burning mixture, and fine pulverization. Intensive mixing takes 
the burning particles of coal from one place where most of the 
oxygen has been used up to another place where there is still free 
oxygen available for combustion. Fine pulverization brings the 
combustible closer to the oxygen, exposes more surface to contact, 
and allows a more rapid heating of the particles. 

Bringing Ignition Close to the Burners. Quick ignition is easier 
with high-volatile than with low-volatile coals. It is difficult 
with anthracite coal. The quantity of air to be supplied with the 
coal as primary air should be just about enough to burn the 
volatile matter. With high-volatile coal the primary air can be 
35 per cent of the total air needed for combustion but with an- 
thracite it should be less than 10 per cent. In other words, the 
amount of primary air expressed in percentage of total air should 
be about equal to the percentage of volatile matter in the coal. 
This approximate rule is much easier to follow when using a stor- 
age system than it is with direct firing where the quantity of air 
supplied with the coal cannot be reduced below the minimum at 
which the mill can be operated satisfactorily. 
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Fic. BURNER FOR HORIZONTAL FIRING 


(Primary air and coal move with a rotary motion through the coal nozzle. 

Secondary air moves with similar rotary motion outside of the coal nozzle 

and hugs the refractory throat of the burner. The mixture of primary air 
and coal ignites before the secondary air intermingles with it.) 


Control of Primary and Secondary Air. In vertical firing the 
coal is fired vertically downward and the burning mixture makes 
an upward turn near the bottom of the furnace. Primary air 
brings the coal in through the coal nozzle. A small amount of air 
is supplied through the burner around the coal nozzle, and second- 
ary air is supplied progressively through air ports in the front 
wall after the coal mixture has ignited. This method of firing 
is well-adapted for burning coals with low volatile-matter con- 
tent, such as anthracite. 

In horizontal firing, the coal is usually fired through round 
horizontal nozzles in the center of the burner as shown in Fig. 3. 
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The mixture of coal and primary air flows through the nozzle 
with a rotative motion which tends to concentrate the coal in a 
rich mixture near the walls of the nozzle. The rotative motion 
also causes the mixture to bush out when it leaves the nozzle and 
produce turbulence. The secondary air is supplied around the 
coal nozzle. It enters the burner through a set of vanes in a num- 
ber of streams so directed as to give the flow a rotative motion. 
This rotation keeps the air close to the throat of the burner and 
away from the mixture of coal and primary air. The underlying 
principle is the thorough ignition of the mixture before it is 
diluted by the intermingling of the secondary air. This type of 
burner is rather sensitive to the amount of volatile matter in the 
coal, and is not suited for burning coals low in volatile matter such 
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Fic. 4 BURNERS FOR CORNER FIRING 


(Primary air and coal flow through the coal nozzles, Secondary air flows 

through the air ports above and below the coal nozzles and intermingles with 

the coal mixture coming from the nozzles after ignition has started. When 

flame is too close to the burner some paneey air is admitted around the 
nozzles.) 


as anthracite. With coals high in volatile matter the flame tends 
to be drawn into the burner and damages it by heat; therefore the 
throat should be made small. With coals low in volatile matter 
the ignition starts too far from the burner and is unstable; so 
the throat should be large. 

In corner firing there are one or more burners as shown in 
Fig. 4 in each corner of the furnace. The streams of coal and 
primary air are directed toward the center of the furnace tangent 
to a small circle. The secondary air is supplied partly around the 
coal nozzles and partly through auxiliary air ports either above 
or below the coal nozzles. The air around the coal nozzles is 
regulated to keep the ignition close to the burners without back- 
ing into them. Most of the mixing occurs in the furnace where 
the streams of coal and air meet. This method of firing is adapta- 
ble to coals low in volatile matter. 

Starting and Holding Ignition. The mixture entering the fur- 
nace is heated by the flame of the already burning mixture near 
the burner. The heating of the coal drives off volatile matter 
which makes a readily ignitible mixture with the primary air. 
When this mixture is ignited it burns with a hot luminous flame 
which radiates heat to the incoming mixture of coal and air. 

To hold the ignition close to the burner, the incoming mixture, 
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or part of it, is brought in with turbulence. That is, part of the 
stream of the mixture is made to branch off on each side of the 
main stream nearly at right angles to the general direction of flow. 
The initial velocity of the branched part of the stream is used in 
producing turbulence which greatly reduces the movement of that 
part of the mixture in the direction from the burners into the fur- 
nace. Thus, the velocity of the mixture in the coal nozzle before 
the branching off of parts of the stream may be 100 ft per sec. 
In the parts that are branched off two thirds of this velocity may 
be spent in eddies or turbulence leaving only one third of the 
velocity in the original direction away from the burner. The 
slowing down in this direction causes the stream to bush out and 
expose a wider front to the radiant heat. The result is that this 
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Fic. 5 MertuHop oF PropucING TURBULENCE AT THE TIP OF THE 
Coat Nozz_e 


(In A turbulence is obtained by inserting two strips in,the tip of the nozzle. 
In B the tip of the nozzle is ae In C the tip has the shape of a riffle 
lvider.) 


turbulent part of the stream becomes heated to ignition tem- 
perature before it moves an appreciable distance from the burner. 
The rapid heating of the mixture both before and after ignition 
causes the mixture to expand, thus producing additional bushing 
out of the stream. The temperature of the flame after ignition 
has started is necessarily higher than the ignition point because 
the mixture must be brought to this temperature to start the 
ignition, and when combustion is started, the heat generated by 
it raises the temperature of the burning mixture. 

Fig. 5 shows three methods of producing turbulence at the 
burner. The tips of the coal nozzles are modified to produce 
eddies and bushing out of the stream of the coal mixture. In A 
two strips are placed in the tip of the nozzle; in B the tip of the 
nozzle is serrated; in C the tip of the coal nozzle is riffled. These 
methods are applicable to vertical firing and tangential or corner 
firing. 

Enlarging the cross section of the coal nozzle and thereby re- 
ducing the velocity of the entire stream of the mixture will not 
accomplish the desired results, because the energy for mixing is 
lacking. Furthermore, the reduction of velocity in the delivery 
pipe and the burner nozzle is likely to cause the larger particles 
of coal to drop out of suspension and result in drifting. 

Concentration of Oxygen ina Boiler Furnace. When air is sup- 
plied to the furnace, it contains nearly 21 per cent of oxygen. As 
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the process of combustion goes on, the oxygen is reduced, at first 
very rapidly and then more slowly, to about 2 per cent at the 
point where the gases leave the furnace. Simultaneously, CO: 
is formed taking the place of free oxygen. The smallest particles 
burn first because they have a small amount of combustible in 
them and because most of the oxygen needed for their combustion 
is near to them. The large particles of the coal burn only par- 
tially while the free oxygen is at high concentration. Their com- 
bustion must be completed after the concentration of free oxygen 
in the furnace gases has been greatly reduced. It becomes in- 
creasingly more difficult for the unburned part of the large par- 
ticles of coal to make contact with the free oxygen, because these 
oxygen molecules are far apart and the inert gases, nitrogen and 
CO,, are in the way of their free movement. If it were necessary 
to depend on natural diffusion the rate of contact making of the 
oxygen with combustible would be slow. Intensive mixing speeds 
up the rate of contact making, that is, relative motion must be 
created between the unburned part of the coal particles and the 
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Fic. 6 Curves SHowING OxYGEN CONCENTRATION IN FURNACE 
GasEs 


(Curve A shows the oxygen concentration when all the secondary air is 

supplied near the burner. Curve B shows the concentration when the sec- 

ondary air is supplied at three points along the path of the burning mixture, 
to maintain turbulence. Total air is 15 per cent excess in both cases.) 


gases. The coal particles must be moved out of one place where 
all the oxygen has been used up to another place where there 
are still some free oxygen molecules. 

Mixing requires energy which is usually supplied in the form 
of high-velocity air streams. Usually these air jets are made to 
impinge against one another, or give the burning mixture a rota- 
tive motion nearly at right angles to the general flow of the 
gases through the furnace. In this rotative motion the furnace 
walls play an active part, because they force the burning mixture 
to make turns. Only water-cooled walls can be used for this 
purpose, as refractory walls would be damaged. In many com- 
mercial boiler furnaces practically all of the secondary air is sup- 
plied through the burners or near them. There is intensive mixing 
near the burners, but by the time the burning mixture has moved 
a comparatively short distance from the burners the energy 
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brought in by the air is all spent, and the gases then flow through 
the remaining part of the furnace in parallel streams with very 
little intermingling between them. All the factors for producing 
rapid combustion—fine coal, turbulence, and high oxygen con- 
centration—are in action near the burners. The fine coal par- 
ticles are burned completely near the burners, but the large 
particles must complete their combustion in the end of the fur- 
nace where the concentration of oxygen is low and where there is 
only limited turbulence. 

In Fig. 6, curve A shows graphically the concentration of oxy- 
gen along the path of burning mixture through the furnace. The 
drop in oxygen concentration is proportional to the rapidity of 
combustion. At the burners just when the ignition starts the 
concentration is nearly 21 per cent. The mixture consists of the 
coal and the primary air which is about 40 per cent of the air 
needed for complete combustion. Just beyond the point of igni- 
tion the secondary air is supplied either through the secondary- 
air ports of the burners or through separate air ports near the 
burners. This secondary air consists of the remaining 60 per 
cent of air needed for combustion plus about 15 per cent excess 
air. The slow drop in the concentration of the oxygen up to this 
point is due to the addition of the secondary air. The concentra- 
tion of oxygen then drops very rapidly due to the high initial 
concentration, intensive mixing produced by the addition of 
secondary air, and large percentage of superfine particles in the 
coal. As the energy brought in with secondary air is spent in 
mixing, and as the superfine coal particles are burned up, the 
concentration of oxygen becomes low and drops more slowly 
until in the last part of the path of the burning mixture the drop 
of oxygen concentration is very slow. It is during this last part 
of the path that the large particles of coal must complete their 
combustion. Some of these large particles do not complete 
their combustion and are deposited in the soot hoppers or pass out 
with the gases. They form most of the combustible found in the 
flue dust. 

Supplying Secondary Air at More Than One Point. A better 
air-supply method would be to supply the secondary air in three 
stages; about 55 per cent through or near the burners after the 
ignition has been well started, 10 per cent at about one fourth of 
the way along the path of the burning mixture, and another 10 
per cent about half way in the furnace. The two last additions 
of the air should be supplied at as high velocity as possible in 
order to bring in a large amount of energy for mixing. The con- 
centration of oxygen under this condition of air supply would be 
somewhat like that shown by the dotted curve B. The lower 
concentration of oxygen shown at the end of the furnace indicates 
more complete combustion of the large particles caused by the 
additional mixing. 

Observation of Burning Particles in Furnace. The burning of 
what is left of the large particles of coal can be seen at the end of 
the furnace by looking against the darker surface of the furnace 
walls or boiler tubes. They can be seen also in the passes of the 
boiler, and sometimes they come out through an observation door 
and complete their combustion outside the furnace. These 
bright hot specks of burning carbon particles are hard to see 
against the background of bright hot refractory furnace walls 
and it is easy to reach a conclusion that there are not any, and 
that the combustion is complete. However, a closer inspection 
shows their presence. 

Excessively High Temperature Not Needed for Quick Combustion. 
Water-cooled furnaces absorb heat and thereby lower furnace 
temperature. Many are under the impression that this reduction 
in furnace temperature retards combustion. The basis for this 
impression is the common observation that rapid combustion is 
accompanied by high temperature, and the conclusion is drawn 
that it is the high temperature that causes rapid combustion. 
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TABLE 1_ TEMPERATURES AND INDICATED 
PERIODS OF CERTAIN SIZES OF FUEL 


nn same weight 


Furnace —50 +60 —45 +50 particle as —45 +50 

temperature, Coal, Semicoke, semicoke, 
eg C milliseconds milliseconds milliseconds 

750 282 275 214 

800 317 308 240 

850 367 342 276 

900 386 374 308 

950 436 410 336 

1 06 455 368 


TABLE 2. WEIGHT OF FUEL PARTICLES 


Number of Weight per 
particles 100 particles, 
Fuel Mesh weighed mg 
Semicoke...... 1000 
Charcoal. . : . —45 +50 1000 1.8 
. +60 500 1.9 
Coal... . —80 +90 1000 0.73 
Beehive coke. . . —45 +50 1000 3.1 


Fic. 7 Furnace For StupyING THE CoMBUSTION OF INDIVIDUAL 
Fue. 


However, the fact is that the rapid combustion causes the high 
temperature, and that the rapid combustion is caused by inten- 
sive mixing, fine pulverization, or some other factors. 

There is good experimental evidence that high temperatures 
beyond the ignition point retard combustion. Tables 1 and 2 
are taken from Cooperative Bulletin 50, giving the results of ex- 
periments made at the U. S. Bureau of Mines. These experi- 
ments were made to determine the burning periods of carefully 
sized fuel particles at furnace temperatures varying from about 
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670 to 1000 C (1238 to 1832 F). Table 1 shows that the burning 
periods are considerably longer at 1000 C than they are at 750 C. 
That is, raising the furnace temperature from 750 to 1000 C 
increased the burning time about 65 per cent. 

The experiments were made in a small furnace shown in Fig. 
7. It was about three feet high and hexagonal in cross section, 
the sides of the hexagon being one inch wide. The sides of the 
furnace were made of nichrome ribbons and were heated by 
passing electric current through them. There were slots about 
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Fic. 8 APPARATUS FOR PHOTOGRAPHING BURNING PARTICLES 
(The sensitive film is attached to the rotating drum.) 


Fic. 9 Tracks oF BuRNING PartTIcues oF Biruminous CoaL 
at 1000 C 


(Particles through 45- and remain on 50-mesh screen. The particles fall 
at first and then rise making a curved path on the film. The wide part of the 
path shows combustion of volatile matter.) 


one-half inch wide in two opposite corners of the hexagon covered 
by mica and forming windows for observation. The outside of 
the furnace was protected by insulation against rapid cooling. 
During any one set of experiments the temperature was kept 
nearly constant. Carefully sized fuel particles were dropped in 
and the period of their combustion was recorded through the 
mica windows on a photographic film which was attached to a 
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revolving drum. The burning particles showed tracks on the 
photographic plate, and with the speed of rotation of the film 
known, the period of combustion could be determined within 5 
milliseconds. Fig. 8 shows the camera and the revolving drum. 

Most of the tests were made with bituminous coal and semicoke 
the analysis of which is given in Table 3. 


TABLE 3 
Coal Semicoke 
Moisture 1.4 2.1 
Volatile matter 32.5 13.8 
Fixed carbon 56.3 71.6 
Ash 9.8 12.5 
Sulphur 1.0 5.3 
tu 13260 12760 


Fig. 9 shows the tracks of burning particles of bituminous coal 
burned at a furnace temperature of 1000 C. Note the initial short 
thick portion of the track which represents the combustion of the 
volatile matter which burned with flame. The combustion of the 
fixed carbon is shown by a narrow track indicating combustion 
without luminous flame. 


mesh active charcoa! = 
£00 
& 
° A. 
A 
4 
Ls 
“ A 
+ 
e 300 7000 
FURNACE TEMPERATURE, °C. 


Fie. 10 Time ReQuirRep For BuRNING PowDERED FUELS or THREE 
Sizes at Various FuRNACE TEMPERATURES 


Similar photographs of burning charcoal particles showed that 
there was no thick initial portion of the track; there being prac- 
tically no volatile matter to burn, there was no flame. 

Fig. 10 gives a graphical summary of the results of the ex- 
periments. Note the definite and pronounced lengthening of the 
periods of combustion with temperatures. 

The results of these experiments somewhat surprised the ex- 
perimenters because they were contrary to the common concep- 
tion. The experimenters are sure that the combustion was com- 
plete at all temperatures, and that the results are trustworthy. 
They are not able to explain the retardation of combustion by 
higher temperatures. 

Why should higher furnace temperatures retard, or, speed up 
combustion of pulverized fuel? It has been stated in this paper 
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that the rate at which oxygen makes contact with the com- 
bustible determines the rate of combustion. If it can be de- 
termined how rising temperature affects the rate of contact 
making, the question is answered. The oxygen is a part of the 
gaseous mixture in the furnace. The combustible is the solid 
carbon in the particle of pulverized fuel. The furnace tempera- 
ture is the temperature of gaseous mixture in the furnace. The 
temperature of the burning particle of fuel is higher than the temp- 
erature of the surrounding gaseous mixture because the heat 
generated by its combustion raises its temperature above that 
of the surrounding gases. There is a sharp temperature gradient 
from the burning particle to the surrounding gases. The following 
factors come into play with rising furnace temperature. 

(a) The molecular speed increases as the square root of abso- 
lute temperature. This greater molecular speed causes the oxygen 
molecules to hit harder when they make contact with the carbon 
particle, and thereby may increase the velocity of chemical 
combination. However, inasmuch as the rate of chemical com- 
bination is already high and the rate of combustion depends en- 
tirely on the rate of contact making, the harder hitting does not 
affect the rate of combustion. 

The molecular speed affects directly the rate of contact making, 
therefore, the rate of contact making should increase as the 
square root of the absolute temperature. 

(b) The density of the furnace gases decreases as the absolute 
temperature rises. There are fewer oxygen molecules in a given 
volume of furnace gases, and the rate of contact making should 
decrease in proportion to the density. This decrease should be 
inversely proportional to the absolute temperature. 

(c) The viscosity of gases increases with temperature. That 
is, as the temperature rises the resistance to movement of the 
particle of coal through the gases increases. It requires greater 
force to move the particle of coal out of one place where all the 
free oxygen has been consumed to another place where free oxygen 
is available; or, the same force causes a slower and shorter move- 
ment. The higher viscosity causes the moving coal particles to 
drag with them the CO, formed by the combustion, thus reducing 
the access of free oxygen to the surface of the particles. 

The combined effect of the higher molecular speed and lower 
density of furnace gases caused by the rise of furnace temperature 
from 700 to 1000 C may decrease the rate of contact making in 
the ratio of 1.14 to 1, and at the same time the viscosity increases 
20 per cent thus probably decreasing the rate of contact making 
in the ratio of 1.20 to 1. The combination of these factors would 
decrease the rate of contact making in the ratio of 1.37to1. In 
other words, the lengthening of the burning period would be 
about 37 per cent. The observed lengthening of the combustion 
period was 65 to 70 per cent. 

The combustion in the experimental furnace was quicker than 
it is in a boiler furnace, because the oxygen concentration in the 
experimental furnace was kept constant at 21 per cent. In a 
boiler furnace the concentration varies from 21 to about 2 per 
cent, and the average concentration in which the large particles 
burn probably does not exceed 6 per cent. The rate of contact 
making and, therefore, the rate of combustion is proportional to 
the concentration. 

There may be a tendency to belittle the value of the results of 
the experiments because they were made in a small laboratory 
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furnace. However, it seems that laboratory methods are the 
best means to acquire exact knowledge. When studying a process 
like combustion which depends on so many factors, only one 
factor at a time should be varied, and the laboratory apparatus is 
designed to make this possible. Those who carried out the ex- 
periments kept all factors constant except the one which they 
wished to study. Thus, they were able to determine the effect 
of furnace temperature, the size of fuel particles, and the kind 
of fuel on the rapidity of combustion. 

When we attempt to make similar study with a boiler furnace 
we cannot contre! the various factors with any degree of ac- 
curacy. The resuit is that one factor is credited with the benefit 
caused by others. Our conclusions are often influenced by preju- 
dices rather than sound analytical reasoning. We see things as 
we would like to see them, or, as we were taught to see them, 
without critical scrutiny to determine what we are actually ob- 
serving. When difficulty is experienced with combustion in a 
water-cooled furnace we are too quick to conclude that the cause 
is the cold water-cooled furnace. We are satisfied with this con- 
clusion and do not make any effort to find out what really causes 
the trouble. In the early days of pulverized-coal firing troubles 
were encountered with combustion in refractory furnaces. We 
did not have the water-cooled furnace on whieh to put the 
blame, and turned our attention directly to the true causes of our 
trouble. 

The results of the laboratory experiments cited in this paper 
may help to turn our inquiry more directly to the real causes 
of present troubles. 

Most of the difficulties with combustion occur at low ratings 
and it has become a habit to put the blame on cold furnaces. 
The true causes of the trouble may be too much air with the coal, 
supplying secondary air too close to the burner, thus interfering 
with ignition, and supplying both the primary air and secondary 
air at low velocity, too low for any effective mixing. The coal 
delivery pipes, the coal nozzles, and the secondary-air ports are 
designed for the full capacity of the unit. The cross-sectional areas 
of these parts are made to give sufficiently high velocity for good 
mixing and good combustion at full rating, and the low ratings 
are left to take care of themselves. It should be borne in mind 
that the velocity of the coal mixture, and of the secondary air 
entering the furnace is a measure of the amount of energy sup- 
plied to the furnace for mixing. At half rating the velocity is 
about one half, and the energy is one fourth of what they are at 
the full rating; at one-quarter rating the energy is about one 
sixteenth of its value at full rating. Lower flow is obtained by 
partly closing the dampers in the air ducts and dissipating the 
energy at the damper. The worst factor at low rating is the use of 
more air with the coal than is required for good ignition. The ve- 
locity in the coal delivery pipe cannot be reduced below a certain 
minimum, otherwise coal deposition and drifting in the pipe would 
result, causing intermittent coal supply to the furnace and even 
plugging of the pipes. In direct firing a certain amount of air 
flow through the mill is necessary, and this is seldom the right 
amount for quick ignition. All these factors affect combustion 
and their effect cannot be nullified by a refractory furnace. 

Water-cooled furnaces have many good qualities to recommend 
them, and they also have some drawbacks, but apparently re- 
tarded combustion is not one of them. 
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Design of Flanged Joints for Valve Bonnets 


By J. D. MATTIMORE,' N. O. SMITH-PETERSEN,? ano H. C. BELL,? NEW YORK, N. Y. 


The paper explains in complete detail and by numerical 
example, an application of the recent Waters, Rossheim, 
Wesstrom, and Williams’ flange design formulas to a 
valve-bonnet flange joint. The adjustments required to 
be made in the formulas for fluid pressure conditions are 
also included, as well as a comparison of bonnet -flange de- 
signs with standard flanges. 


a new line of high-pressure, high-temperature steel gate 

valves, and it was their aim to incorporate in these valves 
the best modern practice. Their greatest concern was the 
design of the bolted-flange bonnet joints, because the available 
records indicated that flanged joints were the most prolific source 
of trouble in high-pressure steam plants. Just at that time, the 
paper entitled “Formulas for Stresses in Bolted Flanged Connec- 
tions’’> became available, and a concentrated study was made of 
that paper. It answered many questions which previous design 
methods had left unsolved, and while not directly adapted to the 
design of such bonnet flanges, the authors decided, nevertheless, 
to apply these new methods and formulas to the problem. 

In discussing that paper at the Detroit Semi-Annual Meeting 
in May, 1937, the authors indicated that the formulas as given, 
were valuable chiefly in checking a design, but did not lend them- 
selves readily to the development of a design, particularly when 
a series of flanges was involved. Their immediate program in- 
volved the design of four different series of flanges. In order to 
reduce the mathematical work to a minimum and to produce 
flanges which would be comparable in appearance and stress con- 
ditions it was necessary to develop methods of handling the 
formulas which would give consistent results with minimum 
effort. There is nothing particularly novel in the methods used, 
but a good deal of tedious work had to be done in their develop- 
ment. The initial purpose of this paper, is to set forth these 
methods. A secondary purpose is to discuss some minor in- 
novations in handling the problem as it applies to valves. Finally, 
some comparisons will be made between American Standard 
flanges and those designed by the methods under discussion. 


ARLY IN 1937 the authors‘ were in the midst of designing 
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ForMULA APPLICATION 


In the development of the formulas for flange stresses, particu- 
larly in the analysis of the shell (pipe), it is shown that the writers 
have had in mind an infinite extension of the pipe on each side 
of the flange joint. This would seem to introduce a stricture on 
the application of the formulas, preventing their use for valve 
bonnet-neck flanges. However, the infinite-extension basis for 
the formulas is introduced more as a mathematical convenience 
than as a matter of stress importance. In fact, it makes the 
stress calculations of the valve bonnet-neck flanges, when these 
formulas are applied to them, give slightly more conservative 
results than for straight pipe flanges. The reason is that the 
body metal in the valve run, in reality, acts as a reinforcement to 
the flange by preventing free expansion of the neck. 

The formulas were intended for use in designing 24-in. flanges 
and larger, for which reason it was considered sufficiently ac- 
curate to use the inside diameter of the flange as a basis for cal- 
culating distributed moments and the shear and moment factors 
F and V, rather than the theoretically correct diameter of the 
middle sections of hub and shell. The writers have called atten- 
tion to this in connection with small flange diameters, and this 
change accordingly is made in the application of the formulas in 
the following. 

Accordingly, the formulas developed can well be used for a 
determination of hub stress Sx, radial stress Sr, and tangential 
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stress Sr in valve bonnet-neck flanges, by taking these minor 
modifications into account. Fig. 1 shows designations and loca- 
tions of the flange stresses with their formulas, as developed by 
Messrs. Waters, Rossheim, Wesstrom, and Williams. 


NOMENCLATURE 
A = outside diameter of ring, in. 
a, = lever arm, which when multiplied by total bolt load W 


gives the total moment loading on the ring, in. (see 
rules for Bolted Flange connections in A.S.M.E. Un- 
fired Pressure Vessel Code) 

B- = inside diameter of ring, hub, and shell, in. 

go = Shell thickness, in. 

g: = maximum hub thickness, in. 

hk == hub length, in. 

K = A/B 

M = Wa/B = distributed moment (B 2 24 in.), lb 

M, = Wa/B + qi = distributed moment (B < 24 in.), lb 

p = fluid pressure, lb per sq in. 


r; = inside radius of ring, hub, shell, in. 

re = outside radius of ring, in. 

t = ring thickness, in. 

W = bolt load, lb 

Sy, = maximum axial stress at outer surface of hub or shell, lb 
per sq in. 

Se = radial stress at inside diameter of ring, in ring face next 
to hub, lb per sq in. 


S; = hoop stress coincident with Sp, lb per sq in. 
8 = shell modulus = W [3 (1 — »?)/r,? go*] 
Poisson’s ratio = 0.3 for steel 


ll 


The distribution of stresses indicated is an approximation only, 
and is given chiefly for the purpose of more clearly showing where 
the stresses, determined by the formulas, occur. 
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In the formulas, there are four terms: X, Y, Z, and f, of which 
the first three are given in the following by formulas, and the 
fourth is given by the curves in Fig. 2. The formulas are 


1 
X= 


l t V 
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Y = —— 
K—1 


3 6 K? 
: (l—v) +- (1 +») — 2.3026 logio K| 


_ + 
~ 


In these formulas there further occur four terms, 7’ and U, 
given in the following formulas and in Fig. 3, and F and V, 
given in Fig. 4. 


100 + 

60+-—-N 


K*(/ + 8.55246 log K)-/ 
"1.36/36 (K®-/)(K-/) 


ae 
Y= 0.66845 + 5.71690 


Fig. or 7, U, Y, anp Z 
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1 
3K? (: + git? X 2.3026 logic K) —3 
T = —— . [4] 
x (1 + ») (: + 
1 
3K? +2 X 2.3026 logio x) 
U = . [5] 


+ ») (K*— 1) (EK —)) 


With so many terms and interlocking formulas dependent on 
all the dimensions of the flange, it would seem at first absolutely 
necessary to design the flange by judgment to start with, and 
thereafter to calculate its strength. 

Closer analysis of the curves and underlying formulas, dis- 
closes that by a predetermination of the interrelation of hub 
dimensions, several of the terms can be made constant. The 
curves for f, F, and V, in Figs. 2 and 4 for instance, are functions 
of the ratios h/+/(Bgo) and gi/go. These ratios are dependent for 
their numerical value on h and g; only, for B and go are known 
quantities in the bonnet-flange problem. In considering these 
ratios it will be seen that a high value of g:/go increases the bend- 
ing moment on the flange by moving the bolt circle outward. 
The effect on Sy of high g:/go ratios is chiefly twofold. Sy, will 
be increased due to the higher moment and decreased due to the 
larger g: with a net effect of a general decrease in value because 9 
appears in the second power in the formula for S,, Fig. 1. The 
effect on Sp and Sp of high g:/go is more complex. In general, 
the effect, aside from increasing Sp and S, due directly to a 
larger moment, can be gaged by the following analysis. Assume 
that the flange thickness ¢ for varying gi/go ratios, is obtained 
from the formula for Sy by setting S, equal to a constant 
amount, the allowable stress for instance. On this basis it is 
readily seen that an increasing g, will cause a decreasing t. A 
decreasing ¢ in turn will cause increasing Sz and Srp. So the 
effect of high gi/go ratios will be either high S; and Sz values 
or very low Sy values; in other words, an unbalancing of stresses. 
A high value of gi/go also decreases the value of the F and V 
factors, which is not desirable. With lower values however, the 
ratio h/+/(Bgo) can be made small and still keep the stress cor- 
rection factor, f, at its minimum. A selection of gi/go as 1.25, 
and h/+/(Bgo) = 0.50, has proved to give very good results for 
gate-valve bonnet-neck flanges. The correction factor f then 
becomes equal to 1, F = 0.870, and V = 0.400, according to 
Figs. 2 and 4. For comparison, the maximum F shown on the 
curve is 0.909 and the maximum V is 0.55. 

With these ratios established, the formulas for the stresses Sy, 
Sp, and S; can be put into a more concise form by the introduc- 
tion of constants and by establishing the value of K. With K 


established, the terms 7, U, Y, and Z become known. From 
Equation [1] 
(6 
with C, = 1/T ) 
= F/[TV(Bo)) | (6a 
CG, 
U get (Boo) 
Then the equations of Fig. 1 become 
M 
Sy (7) 


= ry Cot s & 68.6 


MATTIMORE, SMITH-PETERSEN, BELL—FLANGED JOINTS FOR VALVE BONNETS 


M (1 + Cit) 
Sp = [8] 
with Cy = 1.33 F/+/(Bgo) 
= (MY/t®) —ZSp [9] 


In this form the formulas for Sy, Sg, and Sp indicate directly 
the extent to which these stresses are dependent upon the flange 
thickness t. These formulas show that S, is a function in the 
third power of the flange thickness t, while Sz and Sy are func- 
tions of the fifth power of t. Accordingly, Sg and S; are more 
sensitive to variations in the flange thickness than is Sy. 

The foregoing formulas are for stresses due to bolt loading 
only. When the fluid pressure is exerted, these formulas will un- 
dergo a change which the writers describe. They, however, ex- 
press the opinion that to make a single, theoretically correct 
calculation is “extremely laborious” for the fluid-pressure con- 
dition. The conversion of the formulas to this condition would 
therefore seem to call for some practical abridgment of the diffi- 
culties. To obtain this, let the fluid pressure be resolved into its 
component parts, and consider their effect on the flange sepa- 
rately. 

The axial fluid force, usually called the end force, causes a 
change in the bending moment on the flange as well as a direct 
pull on the hub area. The change in the bending moment is 
prescribed by the A.S.M.E. Boiler Code, and the pull is a direct 
addition to Sy. Therefore, by making such changes, the axial 
fluid force will be accounted for, as far as the formulas are con- 
cerned. 

The effect of the radial fluid force on Sy, (an axial stress) is 
described as negligible.’ The maximum effect on axial stresses 
in general, is to be found in the shell at a distance 7/48 back from 
the ring face, and in an approximate amount of 0.5r; p/go. 

The effect on Sp and Sp (the radial and tangential stresses) is 
theoretically difficult to ascertain. 

To obtain some understanding of what takes place, let a loose 
ring flange without hub, be considered first. In this flange there 
is only one stress S;, and according to the formula S,7 is equal 
to MY/t*, when there is no fluid pressure present. If a hub is 
now placed on this ring flange and made to act integrally with it, 
two new stresses occur Sz and Sy, and Sp is decreased. The 
hub accordingly reinforces the ring flange and the measure of 
this reinforcement is found in a lessening of S;, which now be- 
comes equal to (MY/t?) — ZSp. This means ZS, is the rein- 
forcement effect of the hub to the flange, while Sg and Sy 
measure the load carried by the hub. This explains, in general, 
the reinforcement action of the hub. If now the fluid forces 
cause any changes in the reinforcement value of the hub of an 
integral flange, then S;, Sz, and Sy should also change. It is 
readily seen that the radial fluid force causes an expansion of the 
ring, the hub, and the shell. The hub will expand more than the 
ring for it has a smaller cross section. Its reinforcing value to 
the ring will thereby be lessened and the radial fluid force accord- 
ingly, will cause an increase in Sp and a decrease in Sp. These 
changes in the stresses are a secondary effect, for the radial force 
is sustained by the tangential stresses in the hub and ring, which 
cause the difference in expansion. Because of this fact, it would 
seem to be permissible to introduce the change in these stresses 
in the form of a percentage. The percentage, which after con- 
sideration from several angles, has been adopted for bonnet-neck 
flanges as described, is 10 per cent, and this percentage is applied 
to Sp as a reduction. When Sz is reduced, S, will be corre- 
spondingly increased according to its formula. To the Sp so in- 
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creased, thereafter must be added the direct tangential stress due 
to radial expansion, and this is readily found by the use of a 
“thick-cylinder” formula, such as Birnie’s,? which the authors 
have used. 

Summing up the effects upon the formulas for the stresses S,, 
Sp, and S; when an internal fluid pressure is applied, they are: 


1 To change the bending moment on the flange. 

2 To add a direct tensile stress to Sy. 

3 To reduce Sz in an amount judged to be 10 per cent of 
Sp for valve bonnet-neck flanges. 

4 To increase Sp due to the reduction in Sz and to further 
increase it by a direct tangential stress. 


In order to use the formulas, as adjusted for the fluid-pressure 
effect, for the purpose of calculating the flange thickness ¢, it is 
first necessary to determine the bolt load and bolt-circle diameter 
together with the gasket dimensions, in order that the bending 
moment may be calculated. It is also necessary to determine the 
outside diameter of the flange in order to obtain the K ratio, upon 
which depends the values of 7, U, Y, and Z. 

The starting point in obtaining this information is the selection 
of ratios of residual gasket contact pressure to line pressure for 
both working and test conditions. With these selected, the area 
of the gasket may be determined from the following considera- 
tions: 

In high-pressure structures, such as are here under considera- 
tion, even with low ratios of gasket contact pressure of the order 
of three, it becomes readily possible to exceed the yield point of 
the flange material in compression when tightening up the bolts 
to withstand the test pressures. 

The possibility of such high stresses coupled with the usual 
requirement of a specific ratio of residual contact pressure during 
operation of a valve will give certain conditions, which when 
mathematically expressed and developed, will give formulas for 
the gasket and bolt loading. Expressing these conditions, the 
following will result: 


= area to inside of gasket, sq in. 

= gasket area, sq in. 

= test pressure, lb per sq in. 

yield point of flange material, lb per sq in. 

= test ratio of residual contact pressure to line pressure 
= test bolt load, lb 


Test condition: JP + GNP = F 
Pre-test condition: GL =F 
Combined: IP + GNP = GL 


Therefore 


G = 0065. [10] 


In the foregoing development, J is considered as the area to the 
inside of the gasket. This is not according to standard practice. 
It is here used only because it gives certain mathematical con- 
veniences. Further on in the use of this formula, the standard 
practice is complied with by increasing the required contact- 
pressure ratio by one. For example, when a residual contact- 
pressure ratio of six is required, then the value seven is used in 
the formula. 

Using Equation [10] for a working pressure of 1500 lb per sq 
in., test pressure of 4200 lb per sq in., yield point of 50,000 lb per 
sq in., and residual contact-pressure ratio of 3, the results will 
be, for a maximum of 46,000 Ib per sq in. in flange 


G =I X 4200/(46,000 — 4 x 4200) = //7..... (11) 


7 Formula developed by Lt. Rogers Birnie, Ordnance Department, 
U.S. A., 1884: 


4/3A* + 2/3B? 


A? — B? working pressure 


Tang. stress = 
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By the use of this formula in determining gasket areas for high 
pressures as well as for lower pressures, assurance is had that the 
flange material will not be impaired when tightening bolts pre- 
paratory to the hydrostatic test. 

The formula also will give the information necessary for a 
calculation of the bolt load, the flange outside diameter, and the 
gasket dimensions. 

Using the foregoing data, and the Waters, Rossheim, Wess- 
trom, and Williams’ formulas’ for flange stresses for a 6-in. 
gate valve for 1500 lb working steam pressure, with a bonnet- 
neck inside diameter B of 8*/, in., the calculations will be as 
follows: 

Allowable Stresses. Shell stress, 4500 lb per sq in.; bolt stress, 
13,000 Ib per sq in.; flange stress, 6700 lb per sq in. 

Shell and Hub Dimensions. 

Shell thickness (Birnie formula)? 


go = ('/2) it 21/, in. 


Make go = 2!/, in. to obtain better lines of the valve body. 


Hub thickness: g, = 1.25 X go = 23/4 in. (2'/i6) 
Hub length: h = 0.5 V/(Bgo) = 25/1 in. 


Gasket Dimensions. 


Distance from neck opening to gasket, assumed. —'7/3 in. 
Gasket inside diameter... .8°/4 +2 K "/;. = in. 
From Equation [11], gasket area.............. 
G = (w/4) (95/16)? = 10.8 8q in. 
Gasket outside diameter area. ..75.6 + 10.8 = 86.4 sq in. 
Gasket outside 10'/2 in. 
Gasket width................ 11/59 in. 
Final gasket width............ 5/16 in. 
Final gasket outside diameter. 10 7/i6 in. 
Final gasket area............ 9.94 sq in. 
Bolting Dimensions. 
Bolt load: 
Inside diameter gasket area X 1500 = 113,400 
Gasket area X 7 X 1500 = 104,400 
Total = 217,800 lb 


Calculated bolt area = 217,800/13,000 = 16.74 sq in. 
Bolts: Use 16 bolts, 13/3 in. diam. 
Actual bolt area = 18.48 sq in. 
Operating bolt stress = 217,800/18.48 


Bolt-circle diameter: 
Neck diameter B= 83/, 


11,800 lb per sq in. 
Outside flange diameter 
Bolt-circle diameter = 17!/, 


Hub width 29; = 5'/.  Spot-face diameter = 2?1/s, 
Foundry increment = 7/3, Foundry increment = 1/3: 
Spot-face diameter = 2?!/s2 

Total = 17'/, in. Total = 20 in. 
Ratio K = A/B = 20/8*/, = 2.286. 
Flange Forces, see Fig. 5. 

E = (x/4) B? X 1500 = 90,200 

G = gasket area X 7 X 1500 = 104,400 


R = [(913/16)? — (83/4)?] 1500 = 23,200 
Total = 217,800 Ib 


Flange Moments, see Fig. 5. 


E X 2.81 = 253,500 

G X 3.50 = 365,500 

RX 3.92 = 91,000 
Total = 710,000 in-lb 
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Distributed Moment. 


710,000 710,000 
=, - 2 61,800 Ik 


11.5 
Calculations of Constants. From Fig. 3 the following data are 
obtained when K = 2.286:—T = 1.407, U = 2.752, Y = 2.50, 
Z = 1.50. From Figs. 2 and 4 as previously explained, f = 1.0, 
F = 0.87, and V = 0.40. 
Therefore, from Equations [6a] 


M 


C, = 1/T = 0.71 

— 0.139 
1.407 \/(8.75 X 2.25) 

Cc, = = 0.00648 
U 2.25? ¥/(8.75 2.25) 


Calculations of Allowable S,,. If the allowable flange stress is 
assumed to be 6700, then the allowable S, in the formula must 
be less than this amount, for a part of the axial fluid force causes 


— A=20" pia. 


Fic. 5 Fianae Forces anp Moments 


a direct tensile stress on the hub area. This amount of tensile 
stress will be as calculated in the following: Tensile stress on 
large end of hub 


1500 
T = = 900 lb per sq in. 
4 ((B + 29:)? — B?] 


Therefore allowable Sy = 6700 — 900 = 5800 lb per sq in. 
Calculations of Flange Thickness t. The formula for S, is 


Sy = [12] 
gi? (Ci + Cot + Cyt) 
61,800 
7.56 (0.71 + 0.139¢ + 0.006482) 
From which the following equation of ¢ is obtained 
0.71 + 0.139 + 0.00648¢? = 61,800/(7.56 X 5800) = 1.41 


or 


= 5800 


t? = 108 — 21.45¢ 
(m) (n) 


Let p = n/3 and q = m/2, then p = —7.15 and q = 54 
if q* — p’ is positive, then the equation for t? has one real root. 
Since g? = 2916 and p? = —366, the value of g? — p? = 2916 
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+ 366 = 3282, which is positive. The real root in the equation 


will be 
t= Via+ + Wla — 113) 


V/(54 + 57.3) + ~/(54 — 57.3) = 4.81 — 1.489 
3.321 


Make ¢ = in. 


The cubic equation of t can also be solved graphically as follows: 


Let Y; = {% and Y; = 108 a 21.45t 


Plot these equations on cross-section paper, and the intersection 
point will give the solution as shown in Fig. 6. 
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Fie. 6 GRapHIcAL SOLUTION oF CuBIC EQUATION 
The formula is 
M (1 + C,t) 


Calculations for Sx. 


+ Cit + Cyt) 
Cy = 1.33F/./(Bgo) = 0.261 
61,800 (1 + 0.261 X 3.375 


3.375? X 1.41 


An adjustment must be made in this amount due to the radial 
fluid forces as explained previously. 


Final Sz — 10 per cent = 6500 lb per sq in. 
Calculations for Sr. 
Sp = (MY /t) — [15] 

= (61,800/11.39) 2.5 — 1.5 & 6500 = 3800 lb per sq in. 


The formula is 


To this amount must be added the tangential stress due to direct 
radial fluid pressure by the use of one of the thick-cylinder 
formulas. The Birnie formula has been selected. 

_ (4/8) 20? + 2/3 (8*/,)? 
— 
Final S; = 3800 + 2400 = 6200 lb per sq in. 


S xX 1500 = 2400 


At times it will become necessary to solve for ¢ by use of the Sz 
formula instead of the Sy formula. This is accomplished as 
follows: If 6700 lb per sq in. is considered to be the allowable 
maximum stress, then due to the 10 per cent deduction, Sz must 
be set equal to 10/9 of 6700 or 7500 lb per sq in. 
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To solve for ¢ from the equation Sp, involves the solution of 
fifth-power equation. That can be done by an approximation 
as follows: The formula is 


M (1 + Ci) 
setting M/Sp = C; 
t? (C, + Cot = Cs + [17] 


In this form by an examination of the constants C and a first- 
trial value of t, the correct value of t which makes both sides equal, 
is rather quickly obtained. It is to be noted that when the left- 
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STRESSES WITH 7 TO] GASKET PRESSURE RATIO 
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Sy AXIAL 6400 7200 
Sa RADIAL PSI 3300 
S, TANGENTIAL PSL 6800 7900 
BOLTSTRESS PSI 11600 9000 


Fic. 7 Comparison oF Desicn WitH A.S.A. FLANGE OF SAME BorE 


hand side of the equation becomes larger than the right-hand 
side for a trial value of t, then SR is less than 7500 for such trial 
value of t. When the two sides of the equation become practically 
equal for a trial value of t, then accept such value as correct and 
adjust SR accordingly. The formula for adjusting is 


Right-hand value 
Left-hand value 


Sp = 7500 of Equation [17] 


The equation can also be solved graphically by plotting the curve 
Cit? + Cit? + = Vi 
and intersecting it by the straight line 
C.+ = 


The abscissa of the point of intersection will be the sought ¢. 
The curve, however, will vary for each flange case, so the 
graphical method may be found to be more laborious than the 
cut-and-try procedure. 


CONCLUSION 


The results obtained by the writers from the application of the 
formulas to the problem of valve-bonnet flanges, are illustrated 
by the data given in Table 1. The designs were for a working 
pressure of 1500 lb per sq in. at 950 F. The design stresses were 
4500-Ib shell or body neck stress (as determined by the Birnie 
formula), and 6700-lb maximum flange stress with a bolt stress 
of 13,000 Ib per sq in. These design stresses are those, which it 
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TABLE 1 OPERATING STRESSES AND PRESSURES, VALVE 


BONNET-NECK FLANGE 


Curck CALCULATIONS, LB PER 8Q IN. FOR WORKING STEAM PRESSURE OF 
1 


LB PER 8Q IN., GASKET PressuRB 10,500 LB PER 8Q IN. 


Valve Hub Hub Flange 

size, axial radial hoop Bolt Gasket 
in. stress, SH stress, SR stress, Sr stress pressure 

6400 5300 6800 11600 10500 

21/2 6700 5300 6800 12900 10500 

5500 6900 12900 10500 

4 6600 6400 6800 12600 10500 

5 6300 5900 6700 13200 10500 

6 6600 6500 6200 11800 10500 

‘8 6500 6500 6800 12300 10500 

10 6700 6600 6900 12000 10500 

12 6500 6500 6900 12900 10500 


is expected, will obtain when the valves have been in service a 
period of time sufficient to arrive at an approximately stable 
condition. Under these conditions there will be a ratio of gasket 
contact pressure to line pressure, of six as normally calculated, 
or seven as calculated by the methods given in this paper. 


23" 0.0. 
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STRESSES WITH 7 TO! GASKET PRESSURE RATIO 


BONNET ASA. FITTING 
FLANGE FLANGE 


AXIAL PSI. 6600 7500 
Sr RADIAL PSI. 6500 5300 
S, TANGENTIAL PS| 6200 7200 
BOLT STRESS PSI. 11800 10700 


Fig. 8 CoMpaRISON OF DesiGN A.S.A. FLANGE OF SAME Bore 


There is the desired uniformity of stress conditions throughout 
the series. Figs. 9 and 10 will give an idea of the uniformity of 
shape obtained. The variations in shapes, however, which do 
exist, are largely caused by the noncontinuous variation in bolt 
areas, which affects bolt-circle diameters, and which cannot be 
wholly eliminated. 

From Figs. 7 and 8 some conception can be formed of the results 
obtained by the formulas as compared with other methods of 
design. It happens that the bore diameters of two of the 1500 lb 
gate bonnet-neck flanges have exactly the same bore as two of 
the 1500-lb American Standard steel-fitting flanges. In spite of 
the valves differing from the fittings in nominal size, the flanges 
can be made comparable by considering them with identical hub 
and shell dimensions, due to the agreement of bore diameters. 
The sizes compared are the 2-in-valve bonnet-neck flange with 
the 4-in. fitting flange in Fig. 7, and the 6-in-valve bonnet-neck 
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Fia. 10 Ssow:1ne 10-In., 6-IN., AND 2-IN. VALVES 


Fie.9 INpIcATION OF UNIFORMITY OF SHAPE OBTAINED FOR A SERIES 
or S1zzes 


flange with the 10-in. fitting flange in Fig. 8. The stresses given 
are based on both flanges having the same ratio of residual gasket 
contact pressure to a line pressure of 1500 lb per sq in. It should 
be noted that the standard dimensions for a small tongue and 
groove were used in the case of the fitting flanges, while the bon- 
net flanges were calculated with the dimensions for the special 
tongue and groove used by the authors. 

The difference in weight in the ring sections of these flanges is 
rather remarkable. 
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In fairness to the A.S.A. flanges, it should be stated that they 
were purposely designed with excessive bolting. There is no 
intention of discussing here the wisdom of this. Probably one 
reason for it was to try to take care of the stresses caused by the 
eccentric loads created by pipe lines. Such excessive bolting un- 
doubtedly accounts in large measure for the difference in weights 
shown. Since line strains are nonexistent in bonnet flanges, this 
factor did not have to be considered by the authors. It is of 
considerable interest to note, however, that the proportions of 
the American standard flange, bolting, and gaskets, if placed on 
the bonnet-necks of the valves being designed, would not have 
given as satisfactory stress conditions as those actually used, 
either from the standpoint»of uniformity or magnitude of stress. 
A comparison of the deflections® of these flanges for the same con- 
ditions as considered in Figs. 7 and 8, is also of interest in this 
connection. 


Deflection at Deflection at 
flange edge, bonnet flange 


in. OD, in. 
2-in. bonnet-neck flange. . 0.001105 
A.S.A. 5-in. fitting flange. . 0.001155 0.001042 
6-in. bonnet-neck flange.... 
A.S.A. 10-in. fitting flange... .... 0.00283 0.00224 


5’ Appendix W, ‘Development of General Formulas for Bolted 
Flanges,’’ by E. O. Waters, D. B. Rossheim, D. B. Wesstrom, and 
F. S. G. Williams, Taylor Forge and Pipe Works, Chicago, Ill. 
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Tests of Heat-Exchanger Flanges 


By D. B. ROSSHEIM,' E. H. GEBHARDT,? anv H. G. OLIVER,* NEW YORK, N. Y. 


A description of tests conducted on two test units in- 
volving large diameter forged-steel flanges of sizes and 
types commonly used in the manufacture of heat ex- 
changers. This work has been done under the sponsor- 
ship of the Heat Exchange Institute. In these tests 
measurements have been made of the longitudinal hub 
stress and rotation of the flanges under bolt load alone 
and with hydrostatic pressure. 


ent demand for the establishment of standards for large- 

diameter low-pressure flanges, and for an extension of the 
A.S.A. flange standards to higher pressure ratings. The formulas 
for stresses in bolted flanged connections published in paper 
FSP-59-44 have been recommended by a special subcommittee, 
to the A.S.M.E. Boiler Code Committee and to the Joint Com- 
mittee on Rules for Bolted Connections (A.S.M.E. Code, API- 
ASME Code, and A.S.A. Committee B-16e). Members of this 
latter committee, as well as others interested in this subject have 
pointed to the desirability of checking these formulas experi- 
mentally before committee action is taken on new rules for flange 
design. 

The Heat Exchange Institute is interested primarily in large- 
diameter flanges for pressures up to 300 lb per sq in. and, with 
the cooperation of the A.P.I., expects to set up 150-lb and 300-lb 
standard flanges with diameters of from 20 to 60 in. for the shells, 
channels, and bonnets of heat exchangers. The channel wall, 
whether cast or forged, is usually of such thickness as to af- 
ford a balanced flange design, but the shell plate and bonnet head 
are more often relatively thin, requiring either a substantial 
taper adjacent to the flange or else increased flange thickness to 


[° RECENT years, there has been an increasingly persist- 
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avoid overstressing the hub. On butt-welded designs this taper 
must be incorporated into the flange; at the same time, economic 
considerations dictate a minimum hub height. With such 
flanges, usually the radial and tangential flange stresses are each 
less than one half of the hub stress in magnitude, and a great 
many installations show calculated hub stresses 50 per cent or 
more in excess of the accepted allowable tensile stresses for 
pressure-vessel design, but no noticeable flange distortion in 
service. 
OBJECTIVES OF TESTS 


These considerations have prompted the investigation, the 
results of which are reported in this paper. The objectives set 
were to determine the following: 

1 Flange rotations for varied bolt and internal-pressure 
loads. 

2 Longitudinal stresses at both ends of the hub taper for 
varied bolt and internal-pressure loads. 

3 Yield point of flange and hub for varied bolt and internal- 
pressure loads. 

The first two objectives not only serve as a check on the formu- 
las, but also may shed some light on the location of the bolt 
reaction. The relative yield points of the hub and flange proper 
are desired to determine how rapidly the moment is shifted from 
the hub to the flange when the former undergoes permanent dis- 
tortion prior to the latter. 


Test Units 


As planned, the tests were to cover two basic designs of ap- 
proximately equal strength, the one having a long-taper [length = 
/ (Bg) | hub with a relatively thin flange; and. the other having 
a short-taper [length = ('/:)+/(Bgo) ] hub with a relatively thick 
flange.’ At present prices, the long-taper-hub flange will cost ap- 
proximately 10 per cent more than the short-taper-hub flange, 
for which reasons the latter type has been tentatively selected as 
a standard. Originally the program covered one flange of each 
of the two designs, but since unequal rotation might result in 
different locations for the bolt reaction, another unit was added 
with two identical flanges. Since the short-taper-hub design was 
of more immediate interest and duplicate tests were considered 
of more value than a size variation, the two additional flanges 
were made the same size and shape as the original short-taper- 
hub flange. 

To each flange was welded a flanged-and-dished head, the as- 
sembled dimensions approximating those of the bonnet design 
used in conventional heat exchangers. In Fig. 1, outline sketches 
of the assemblies are given with proposed and actual dimensions. 
The flanged-and-dished heads were a full '/s in. thicker than 
specified, and when welded resulted in a shortening of the as- 
sembled taper particularly on the short hub. It should also be 
noted that the back-facing on all the flanges produced a slight 
taper as indicated in this figure. 

The welds were stress-relieved to minimize the influence of 
locked-up stresses on the load required to produce yielding. 
The facing selected, a small tongue with a nubbin at the center, 
was expected to define closely the location of the reaction when 
used with a soft steel gasket. (See Fig. 1.) To simulate the tube 
sheet in actual exchanger design, a dutchman provided with 
gasket grooves was assembled between the flanges. Incidentally 


5 For definition of symbols see reference 4 or 6. 
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(b) DeTaILs or Stup Botts SHow1nG Batu BEARINGS 
this served also as a reference point for the separation of the rota- 
tion readings taken with the radial arms. 


Trst EQUIPMENT 


The equipment used to follow the behavior of the flanges and 
to control the applied bolt and pressure load is now described. 


in. apart. The spherical surfaces permitted consistent readings, 
and the two balls were used for a study of bending in the studs 
when stressed. These ball bearings appear in the close-up view 
of Fig. 3 with details as shown in Fig. 2b. The studs were cali- 
brated in an Olsen tensile-testing machine for the two grip 
lengths involved, with the following results: 


Elongation, in. X 10,000 


Ratio, 


For measuring the bolt extension, one fourth of the studs were Gelp 
provided at each end with a centrally located ball bearing, and 2 5.73 5.17 


j 
At 
i 
; 
1000 
ve q 


FSP-60-10 


The nuts were tightened with the torque wrench shown at the right 
in Fig. 5 which has a rated capacity of 7000 in-lb; the highest 
torque used was 6300 in-lb. Initially, due to insufficient lubri- 
cation and possibly to the necessity for wearing-in the threads, 
the torque-thrust ratio was high. Subsequently with ade- 
quate lubrication this ratio was lower; however, for each condi- 
tion the ratio was quite consistent. The use of this wrench as- 
sisted materially in maintaining an even stress in the studs, 
eliminating the necessity for measuring every stud. Micrometer 
readings were limited to one half of the studs when the bolts 
were tightened and to one quarter of the studs when the pres- 
sure was changed. The dial micrometer used was graduated to 
1/10,000 in. and is shown in Fig. 4. To eliminate temperature 
errors on successive days, as well as to take account of possible 
changes in the zero setting, the micrometer was checked before 
and after each set of readings by measuring the length of an un- 
stressed reference stud. 


Fie. 5 Test Assemsiy No. 1 


(Flanges C-1A and C-1B with gages in place. Lever-type torque wrench 
shown at the right.) 


Duplicate means were provided to obtain flange rotations. 
The first permitted direct measurement of the slope changes by 
reading a pair of dial micrometers which were set a fixed dis- 
tance apart. See Figs. 5 and 6, gages A and B for upper flange, 
and C and D for lower flange. The second consisted of three sets 
of vertical arms attached, respectively, to the upper and lower 
flanges and the dutchman, each with a horizontal reference bar 
hinged at one end and sliding on a pin at the other end, thereby 
moving the stem of a dial gage against a lug on the vertical arm. 
See Figs. 5 and 6, gages EF, F, and G, for the lower head, upper 
head, and dutchman, respectively. The dutchman or tube- 
sheet movements were used to correct the readings of dial gages 
A, B,C, and D. All dial gages read to 1/1000 in. except C which 
was graduated in 1/10,000-in. divisions. 

On each hub, as close to the flange as possible, four Huggen- 
berger tensometers with a gage length of one-half inch were 
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mounted. On flange C-1A one tensometer of '/2 in. gage length 
and one of 20 mm gage length were mounted on the straight 
section straddling a point approximately '/, in. from the edge of 
the hub taper; and on flange C-2 these two tensometers were at- 
tached at approximately the center of the taper while two addi- 
tional tensometers of 1 in. gage length were located on the straight 
section straddling a point approximately 5/3 in. from the edge of 
the hub taper. Complete data on the tensometers including 
multiplication factor, gage length, and location are tabulated in 
Appendix 2. 


Fic. 6 Test AsseEMBLY No. 2 
(Flanges C-2 and C-1C with gages in place.) 


The mounting of the strain gages in the confined space be- 
tween the nuts appeared almost impossible until the banjo-type 
attachment, illustrated in Fig. 2a and shown in the close-up view 
of Fig. 3, was developed. With this rig the desired holding pres- 
sure is easily obtained within reasonable limits by a selection of 
screw and music-wire diameters, and tensometers are readily in- 
stalled at inaccessible locations. 


DescrIPTION OF TESTS 


A detailed log of the tests is not considered necessary, but is 
available in the records of the authors to anyone requiring addi- 
tional information for individual studies. 

A few runs were made with bolt load only, but for the major 
portion of the tests each increment of bolt load was followed by 
the application of internal pressure in steps usually of 100 Ib 
per sq in. except in the vicinity of the yield point where the 
increments were 50 lb per sq in. The change in bolt length 
was recorded for each bolt load or pressure increment. 

At the lower bolt loads, an attempt was made to limit the 
maximum internal pressure for a run, to the hub yield point, 
which, as was expected, was not clearly defined by the tensometer 
readings. At higher bolt loads, the internal pressure, within the 
capacity of the dished head, was extended to produce a slight 
permanent flange rotation. When permanent set in the flange 
was produced by the final bolt-load increment alone, that series 
of runs terminated. Distortion was limited to the minimum 
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The test data can be presented in complete form 
if the rotations and stresses are plotted against the 


external moment. However, in order to convert the 


bolt load into external moment, assumptions must be 
made as to the location of the bolt reaction, which 


is a point at issue. The test data, therefore, are pre- 


sented as individual points plotted separately for 


the bolt load with no internal pressure, and for the 
| internal pressure. The first case involves only the 


external moment due to the bolt load, which in this 


form shows an interruption or step at each stage 
where internal pressure has been applied. The sec- 


ond case combines the moment change attendant 


to the shift in reaction from the gasket to the 


hydrostatic load, with the discontinuity effects and 
longitudinal stress due to the internal pressure. 


The plots for this case are limited to the rotation 


and stress increments for the corresponding pressures. 
The successive readings of each test run for flange 
rotation and hub stress due to bolt load are connected 
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necessary for its detection, so that several series of runs could be 
made on each unit, and also to preserve the facing for subse- 
quent gasket tests. 


REsvutts or TEstTs 


A complete record of the bolt elongations, dial-gage and ten- 
someter readings is too voluminous to reproduce as a part of this 
paper, but is available through the authors for further analysis. 
All of the flange rotations are plotted,’ but due to the number of 
tensometers used, stress plots are limited to one for each general 
location. Stresses for typical gages are shown rather than 
averages, which might distort the picture. 
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by a line, which is interrupted by successive offsets, 
indicating the loss in bolt load attendant to the ap- 
plication of pressure, caused by gasket, bolt, or flange 
yielding. The flange rotation due to internal pres- 
sure is shown as individual points, while the hub 
stresses are identified by runs, with a tabulation of the bolt load 
before and after each run. 
Table 1 has been prepared as a key to the test data. 


CALCULATIONS 


The calculation of rotations and stresses follows the method 
outlined in “Development of General Formulas for Bolted 
Flanges,’’ and applies to the dimensions shown in Figs. 16 and 17 


6 “Development of General Formulas for Bolted Flanges,” by E. 
O. Waters, D. B. Rossheim, D. B. Wesstrom, and F. 8. G. Williams, 
publication of Taylor Forge and Pipe Works. 
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TABLE 1 
Shown in 
Loading Data on Flange no. Figs. Gage 
Bolt load Flange rotation C-1A 8a = 
C-1B 8a 
C-1C 8b — 
Bolt load Flange rotation C-2 9 — 
Internal pressure Flange rotation C-1A 10a _— 
C-1B 10a _— 
C-1C 106 
Internal pressure Flange rotation C-2 ll - 
Bolt load Hub stress C-1B 12a Q 
C-1A 12b R 
Bolt load Hub stress C-2 13a K 
C-2 13b R 
C-2 
Internal pressure Hub stress C-1C 14a M 
C-1A 14b R 
Internal pressure Hub stress C-2 15a K 
C-2 15b Ss 
C-2 15e U 
0} / 
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for flanges C-1 and C-2, respectively. These dimensions are ap- 
proximate averages of the initial measurements differing slightly 
from the final dimensions of Appendix 1. It was not considered 
necessary to make calculations for each of the three C-1 flanges 
since the variation encountered around the circumference is of 
the same order as is found between individual flanges. A tabu- 
lation of the constants used and the results of the principal cal- 
culations in general terms is given in Appendix 3 for the por- 
tion of the hubs covered by tensometer readings. 

In Figs. 16 and 17 curves are given of the bending stress at the 
outer surface for the minimum bolt load, considered necessary 
to cause yielding in the soft steel gasket (234,800 Ib or a bolt 
stress of 20,000 Ib per sq in.), and for an internal pressure of 150 lb 
per sq in. The membrane longitudinal tensile stress is also 
shown as well as a curve of the resultant longitudinal hub stress 
which combines the three effects. The “calculated curves” which 
appear in Figs. 8 to 15, inclusive, are similarly secured from the 
general data of Appendix 3 for the appropriate “external mo- 
ment” or “internal pressure.” 

The rotations and hub bending stresses for the bolt load only 
(internal pressure = 0) involve a single consideration, the ex- 
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ternal moment, which is dependent upon the magnitude and lo- 
cation of the bolt load on the one hand, and the point where the 
gasket reaction occurs on the other. Besides the small amount of 
movement permitted by the bolt-hole clearance, the bolt reaction 
may be shifted by the flange distortion and the absence of a true 
bearing surface on the flange, nut, or thread. Deflection of the 
flange moves the gasket reaction outward, but the shoulder or 
nubbin at the center of the tongue probably tends to confine 
the gasket load to this small area within at least the greater part 
of the range of bolt load used. Calculated curves labeled (B.C.) 
indicate that the bolt reaction is taken at the bolt circle in con- 
verting the bolt load to external moment, while those labeled 
(B.C.-d) denote that the bolt reaction is distributed around a 
circle one nominal bolt diameter smaller than the bolt circle. 

The rotations and hub stresses for internal-pressure load in- 
volve four factors: 


1 External-moment change due to a partial shift in reaction 
from the gasket to the hub. 

2 External-moment change due to change in bolt load with 
pressure, see Fig. 7. This serves as a correction for item 1. 

3 Longitudinal membrane-pressure stress. 

4 Longitudinal bending-pressure stress, which is a discon- 
tinuity stress. 

For these flanges the external-moment effects (items 1 and 2) 
are of greater magnitude than the pressure effects (items 3 and 
4) so that the influence of the bolt-reaction location and so on, 
discussed in the preceding paragraph are equally important here 
since unfortunately it is not possible to separate the discontinuity 
stresses (item 4) from the other three. The calculated curves 
are a resultant of these four stresses, for the two alternate as- 
sumptions for bolt-load reaction discussed in the preceding para- 
graph. 

COMMENTS 


Close agreement between test data and theoretical values 
could hardly be expected in a complex structure with a dual 
related loading, however the actual difference encountered is not 
considered excessive and at the same time the test values of suc- 
cessive runs are reasonably consistent. For convenience, com- 
ments on test and calculated data follow the figure numbers. 

Fig. 7. The change in bolt load when internal pressure was 
applied is similar to that observed on previous tests being appar- 
ently related only to the magnitude of the pressure and independ- 
ent of the engaged bolt length. Consequently a single curve has 
been established for the increment in bolt length, which has been 
used for correcting all of the calculated curves for the pressure 
case. 

This would seem to indicate that the bolt relaxation under 
pressure is a function of gasket strain and flange deflection, af- 
fecting the bolt stress inversely in proportion to the grip. It 
would be desirable to carry this study further with shorter and 
longer studs, as well as different gasket materials and flange fac- 
ings. 

Figs. 8a and 8b. The rotations due to bolt load for flanges 
C-1A, C-1B, and C-1C show an average slope which corre- 
sponds more nearly to the (B.C.-d) assumption for the bolt reac- 
tion. On these curves the useful portion is the slope of the suc- 
cessive increments, the downward steps indicating either gasket 
or flange yielding after the application of internal pressure. 

Calculated stresses for a bolt load of 800,000 pounds are given 
in Table 2. 


TABLE 25 
Calculated stresses 
(B.C.) (B.C.-d.) 
Tangential flange stress, ST 22120 11790 
Hub bending stress at back of flange, Sug,........ 40470 21590 
Hub bending stress at small end of taper, SHgo... 51580 27510 
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700 show a small change in slope for the last increment. 
Figs. 14a and 14b. It was expected that the curve 
for each successive run, due to a higher bolt load 
600 one 7 would show yielding at a lower internal pressure. 
While not well defined in Fig. 14a there is never- 
ee Y f 4 theless some evidence of this in runs 6, 7, and 8; 
< 300 x i Sn V4 po Fig. 14b shows no evidence of yielding. As already 
~ . y~ ay et pointed out the hub stresses are a combination of 
x} moment and bolt-load changes caused by the inter- 
2 a tony? a nal pressure. It is not surprising that there is less 
“300 aon x04; poet agreement in the calculated and observed stresses due 
4 i Pa oa to internal pressure than in those due to bolt load, 
and the data secured are probably of value principally 
© 200 x enone i as a general check of the formulas. 
— Figs. 15a, 15b, and 15c. The test data show the 
x Bai observed stresses to be much less than calculated 
100 i Po - ° Flange C-IA except for Fig. 15b, where there is closer agreement 
0 fe) 4 5 6 T 
Increase in Rotation , Minutes | 
Fic. 10a Fiance Rotation DvuE TO PRESSURE 
(Flanges C-1A and C-1B.) es = 
There is a change in slope at a bolt load of 600,000 © tg | \ r al 
Ib in Fig. 8a and to a lesser extent in Fig. 8b at = & . sc d) 
700,000 Ib. 400 
Fig. 9. The rotations due to the bolt load for 
flange C-2 practically coincide with the (B.C.) theo- © gee yak? 
retical curve, however, the average slope of the incre- 300 Py ay - 
ments is nearer that of (B.C.-d). Calculated stresses ‘5 
for a bolt load of 800,000 Ib are given in Table 3. 3 AN 
There is no evidence of yielding. & 200 fl") 
TABLE 35 KAT 
stresses 100 - 
(B.C.) (B.C.-d.) 
Radial flange stress, SR............. 24280 12950 A a 
Tangential flange stress, ST.......... 84 4510 a 
Hub oe stress at back of flange, 0 L J 
7210 19840 0 | 2 3 4 6 8 
Hub ‘bending “ 2840 12180 Increasein Rotation , Minutes 
Fig. 10b Fiance Rotation Dur To PRESSURE 
Figs. 10a, 10b, and 11. The test readings are con- (Flange C-1C.) 
sistent and uniformly less than the calculated pres- 
sure-load rotations, perhaps due to the smaller magnitude 100 
and the numerous effects involved, which have already been 
discussed. The position of the (B.C.-d) and (B.C.) curves 600 n 
is reversed for reasons which will be discussed later. There e 
is no well-defined evidence of yielding. The lines con- : 
necting the test points by runs have been omitted to avoid —-: 500 = a are 
confusion, although this information has been preserved for pos ¢- 
further study by the Flange Committee. 
Figs. 12a and 12b. As in the case of the flange rotations, 
the hub stresses due to the bolt load for flange C-1 showa on 5 siti ate} 
slope in between the (B.C.) and the (B.C.-d) assumptions. ~ cas Cae 
For gage Q, Fig. 12a, there is a slight evidence of yielding ? 300 — i 
as indicated by a change in slope at a bolt load of 700,000 & ~~ ont 
Gage R, Fig. 12b, also shows a slope intermediate be- am 4 Aon wh 
tween (B.C.) and (B.C.-d). The calculated hub stress corre- a 
sponding to a bolt load of 800,000 Ib will be found in the dis- 100 ete 
cussion of Fig. 8. at 
Figs. 18a, and The increments of gage K are 
very nearly parallel to (B.C.-d) with no evidence of yield- 09 3 % 4 5 6 5 


ing. Figs. 13b and 13c for the middle and small end of 
the hub also show a slope more nearly in agreement with 
(B.C.-d) and no definite yielding, although the former does 


Rotation in Minutes 


Fic. 11 Fuance Rotation Dus To PRrEssuRE 
(Flange C-2.) 
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i | | - 
2 300 [ TestNo?  Boltload |lestNo2 Load 
fun No. Before Run After Run 5 500 hun No. Before Run After Run }— 
3 328,500 3/7,500 ee 3 328,500 3/7,500 |_| 
2 4 457,000 422,000 |__ 457,000 422,000 
5 546,000 525,000 & 200 —— 546,000 525,000 }|— 
6 636,000 613,000 Z € 636,000 613,000 
7 767,000 702,000 YW, 7 767,000 702,000 }— 
100 é 848,000 827,000 100 848,000 827,000 
0 345 6 7 8 9 10 12 13 14 15 16 17 
or? s45 6769 WN 13 1415 16 17 18 19 


Increase in Stress, 1000 !b persqin 


Fig. 15a Hus Stress To PRESSURE 
(Flange C-2, gage K with center line 0.57 in. from back of flange.) 
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Increase in Stress, 1000 lb persqin. 


Fic. 15) Hus Stress Dur To PRESSURE 
(Flange C-2, gage S with center line 1.52 in. from back of flange.) 
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Increase inStress, 1000 Ib persqin. 


Fig. 15¢ Hus Stress Due To PrREssURE 
(Flange C-2, gage U with center line 2.92 in. from back of flange.) 
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Fic. 17 Hus Srressss, FLANGE C-2 
(Bolt stress, 20,000 lb per sq in.; internal pressure, 150 lb per sq in.) 


although the observed stresses are still somewhat low. 

It is readily evident that the external moment when calcu- 
lated according to the Pressure Vessel Code Rules can be ex- 
pressed in the general form M = W  X constant + p X constant. 
Closer inspection will show the first constant to be the distance 
between the bolt and gasket reactions, while the second constant 
is entirely independent of the bolt-reaction location. This means 
that the moment increase when pressure is applied is not in- 
fluenced by the location of the bolt reaction, and is the same for 
the (B.C.) and (B.C.-d) assumptions, so that the difference be- 
tween the calculated curves is entirely due to bolt-load change 
under pressure. The lever arm for the (B.C.) location is the 
greater, resulting in a greater moment change which is nega- 


tive since the bolt length decreases with pressure. The net. 
result is a greater movement for (B.C.-d) than for (B.C.) apply-- 
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ing to all rotations and hub stresses for internal-pressure load- 
ing, as will be seen in Figs. 10, 11, 14, and 15. 

The calculated rotation curves are based upon the slope of 
the flange at the inside radius since the slope at the outside radius 
is practically the same and this refinement is probably unneces- 
sary in view of the assumptions made for the flange loading.‘ 
There is apparently some discrepancy in appendixes B and W,$ 
since consistent values for the outside rotation are not obtained 
for the two flanges. The calculations of the authors show that 
for both flanges C-1 and C-2 the outside rotation is of the order 
of 5 per cent less than that at the inside radius applying to both 
the bolt-moment and pressure-discontinuity cases. 


CONCLUSIONS 


It is hoped that this paper together with the supplementary 
detailed data which will be made available to the Joint Commit- 
tee on Rules for Bolted Flanged Connections, will be helpful in 
reaching an agreement on an acceptable method of design. 

Calculated values and the test data show sufficient agreement 
to warrant a conclusion that the flange formulas afford a sound 
basis for design. The selection of flanges used in test No. 2 was 
made to emphasize the importance of a properly designed hub 
which is not generally appreciated. Flange C-2 with a thick- 
ness of 1!/; in. and a relatively thick hub shows rotation of the 
same order as flange C-1 where the thickness is 66 per cent 
greater or 2'/. in. An intelligent comparison of the relative 
strength of two flanges is not possible from a consideration of the 
flange thickness alone, so that approximate formulas involving 
only the flange thickness may be sufficiently correct for a specific 
application but are entirely untrustworthy for general use. 

The objectives established have been realized in so far as the 
flange rotations for bolt load and internal pressure are concerned. 
The investigation of hub stresses at the back of the flange is fairly 
complete. However, it would be desirable to extend the study of 
stresses to intermediate points of the hub and the small end of 
the taper since a limited number of gages were available at these 
locations. Neglecting hub yielding, a bolt load of 800,000 Ib is 
insufficient to cause yielding in either flange as shown in the dis- 
cussion of Figs. 8 and 9. The application of 550 lb per sq in. 
internal pressure increases the moment 25 per cent and 33 per 
cent, respectively, for flanges C-1 and C-2 (B.C. bolt-reaction 
location), bringing flange C-1 slightly under and flange C-2 
slightly over the specification yield point of the material, 30,000 
lb per sq in. Actually no appreciable yielding of the flanges is 
indicated for the bolt-load case and only a small amount of yield 
is shown for the internal-pressure case. Of course any observa- 
tions in this direction are influenced greatly by the location of the 
bolt reaction, but it may be conservatively stated that there is no 
evidence of a sudden shift of moment from the hub to the flange. 
As expected a well-defined yield point is not secured in the hub. 
On future tests it would be desirable to carry the pressure and 
bolt load sufficiently high to cause appreciable 
permanent set. 

The authors have refrained from an expres- 
sion of opinion on controversial issues such as 
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This paper together with supplementary detailed data will 
be made available to the Joint Committee on Bolted Flanged Con- 
nections. In the interest of an early adoption of rules for bolted- 
flange design, those interested are urged to present their views in 
discussing this paper, particularly on the assumptions involved 
in the flange loading and the permissible degree of hub stress. 
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Appendix 1 


ACTUAL MEASUREMENT OF FLANGE AND HUB THICKNESS 
Measured 
Flange at gage t a b e 4 e f h 
in, ——————64ths of an inch in. 
H 2-31 38.5 31 29.5 28.5 27 27 25/3 
C-1A 2-29 36.5 31.5 30.5 26.5 27 26.5 
sie K 2-30 37.5 31.5 29.5 28.5 28 28 25/32 
L 3231 36.5 33 29 27.5 29 28.5 27/s2 
M~ 2-30 37 32.5 30 25 25.5 26 23/3 
1B N 2-31 37 32.5 29 24 22 22 27/39 
P 231.5 37.5 33 28.5 25.5 24.5 24.5 
Q 2-32.5 38.5 32.5 28.5 24 25 26 25/39 
M 2-3C 39 32 26.5 26 26 26 
CAC N 231 39 32.5 28.5 26 27.5 27 13/15 
P 2-33 39 32 27.5 25.5 25 23 13/15 
Q 2-32 39 34 27.5 27 26 26 15/16 
H 1-32 64 56.5 45.5 33 36% 27 23/16 
J 1-33 63 56 46.5 33 34% 26.5 21/16 
0.2 K  1-31.5 65 56 46.5 34 36.5% 27 
sails L 1-33 63 56 46 33 352 «2 21/, 
1-32 64 56 46 33 28 29/32 
U (1-32 62.5 56.5 46.5 33 26.55 27.5 213/32 


thickness of flange at OD in inches and 64ths. 
thickness of hub at edge of fillet 

thickness of hub 5/s in. from back of flange 
thickness of hub or shell 11/4 in. from back of flange 
thickness of hub or shell 2 in. from back of flange 
thickness of hub or shell 3 in. from back of flange 
thickness of shell 4 in. from back of flange 

taper length of hub 


aM d at the weld. 
’ At poy T and U weld was removed flush to obtain smooth surface. 


Appendix 2 


LOCATION OF HUGGENBERGER TENSOMETERS 


the location of the bolt reaction, the shift of Gage J K L M N P @Q | a a U 
moment with hub yielding as a guide to maxi- 1/2 20mm 1 1 
mum hub stress, and the relative importance of Factor ..... 1185 1180 1194 1209 1935 1073 1080 1160 939 1175 1031 1048 
secondary stresses such as the discontinuity ef- Gage location® 

fects. It is not possible to present the data in Flange C-1A 1 1/8 

readily seen without making arbitrary assump- Flange C-2 = */is 127/64 2227/4 227/54 


tions which would tend to obscure the actual 
recorded values. 


@ Dimensions shown for location of gages are actual measurements taken from back of flange 
to nearest leg of gage, on a line perpendicular to back of flange. 
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APPENDIX 3 Sheet 
A flange C-] B Flan 
; _Flange C-2 
Due to External Moment, M 1- Bending Stress Due to External Moment, M 
Assumptions: 4 Assumptions:- 
Vv=-03 E=728x/0'/b per sq in. E-28x 10°/b per sq in. 6-263" 
= 305% Go” C.= 20% A- 30% 2 BC ~28%" 
B~25", 97 28-3 diam Bolts | B 244° 28-§ “diam Bolts 
Auxiliary Constants:- 
K-/.23 a= 0.48/48/5 K=Q/7N3093 (3-0.5597496 Auxiliary Constants: 
Results of Simu/taneous Equatign. Substitutions:- K-/27 
137 0.56834 


F= 0.884 
V= 0.397 


a,~~/.956628 A, 
A, 


A, 
Be 1.50033] A; 


0.00428/337 
C.7*0.00/966563 


aj-*0.005570 A, | f =/.274 X=0.527 
Tabulation of Stresses in Shell and Hub:- 
In Shell In Hub 

x, in. |-0.9375 |-0.4688 |0 0.203/ |04063 |06094 |0.8/25 
888004 | 1.567560 | 330392 | 46897 |/,000000 
1886004 | 2.204493 | 2.54/07 | 2.892045 |325/534 
S/oper sq in. W.NIEM W.5032M 349/M 
7286 | 12/52 | 18657 | | 15426 | 14639 


Factors Used in Slope Calculation :- 

Mp, 0.087834 M -0./47269M Q:-/.383953 M/r 
C--L010332M/E C3~20276092 M/E 
Slope at ID of Flange , Minutes 

6=-0.00101M 


Results of Simu/taneous Equations and Substitutions:- 
Ag */.45510369A, | | F=0.74872 


@-*0.0/204054 A, Bg 239993653 A; | C5~*0.7169735885 M/E | 


-0.03646353 A, | A, M/E | f- 06/397 X~/.203 
Tabulation of Stresses in Shelland Hub:- 
She// Hub 

ae | | 1324484 | 1196477 104090 1100000 | 
(aay | 3208717 |5.704059 |920210) |13312053 

Mp, /b -0016498 | -0.02/906M |-0048085M |-0200806 

Sloper | |+0 73849M |+102530M 3625M |+/.20300M | 
6575 8730 |/0670 | 12095 |/3430 14220 


Factors Used in Slope Calcy/ation:- 
Mpnz-0.200406M P=+0.093950M Mp--0270925M Q=-/./87538 M/r 
D=0309066E C,-*0 960586 M/E C°-3.663979 M/E C5" */58.00668 M/E 
Slope at LD. of Flange, Minutes 

@--0.00074252 M 


Sheet No.2 


APPEND/X 3 
2-Bending Stress bue to Internal Pressure ( p=/50/b per sqin.) 


Assumptions:- 
V=03 E~=728x/0 /b per sq in. 
Dimensions:- 
A=30% B.C.=26% 
B=25" 28- diam Bolts. 
t= h- 2° 20000/bpersq in. 
Auxiliary Constants :- 
a= 048/48/5 = 5.076923 1), 3.25185096 
B 0.5597496 


Resu/ts of Simu/taneous Equations:- 
C7*4805084 P/E | P/E | C,~*167.1223300 P/E 
“12.3110520 \ C*19.8021093 P/E\C 10" 5. 3783538 P/E 
Slope at LD of Flange, Minutes 
0,7-0.0066 p 


Tabulation of Stresses in Shelland Hub 


In Shell near Hub From End to End of Hub 
| 260 3.00 |3.25/85096 
y 2.076923 |2.28/24 | 2.61877 |3,076923 
é 0 0.2043 0.54/19 1.0000 
x,in | - | -2" 0 0.1660 0.4403 \0.gi25 
Y, in. 666572x/0p -2.32/8x /0p 
Mg, /b +008532 p 0.83275 p 
S,/bpersqin| 244 p L97p | 2869p -2.49p |-6.30p |-!2.60p 
‘cop /bpersgin +366 #297 [#432 -375 |-1245 |-1920 


Sheet No.4 
APPENDIX 3 
2-Bending Stress Due to Internal Pressure p=/50 /b per sqgin.) 
Assumptions:- 
v=03 E+28x/08/b per sq in. 
Dimensions:- 
A*30% BC -28% 
B- 24/4" 28-3 diam Bo/ts 
t-/% h=2% Sp” 20,000 /b persqin 
Auxiliary Constants:- 
Ke1.27 0.72993 Ng" 22675 
a-/37 y,-/.72993 4.96752 
H~23.86835 0.56834 


Results of Simu/taneous Equations:- 
C5*-0.36 7/898 P/E | 15571254 P/E C~*106.3643340 P/E 
P/E | 91.7678922 P/E 5.94396945 P/E 


Slope at l.D.of Flange, Minutes 
0.0076595 p 


Tabulation of Stresses in Shell and Hub 


Shell Hub 
n 3.22675 | 3.7 42 46 4.96752 
0.72993 |0.95974 |1.23665 |1.46342 1.72993 
é 0 0.2298 |05067 |0.7535 | 1.0000 
x,/n. |-0.500 10 0.632 1,393 2072 12.750 


Mg, /b |-0.26998P |-0.40763 P |-0.02787P |+0.242/6 P |+0.446/7P |*0.5420/P 
S,/b per sqin.|+9.77562P \+13.74196 P \+0.54339 P |-2.84504 P |-3.64/79 P |-3.25206P 


s0/b Persg in| + 1466 +206/ +62 ~427 546 - 488 
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Carbonaceous Zeolites—An Advance in 
Boiler-Feedwater Conditioning 


By HOWARD L. TIGER,' NEW YORK, N. Y. 


The increased number of modern high-pressure steam 
boilers emphasizes the need for high-quality feedwater 
make-up of minimum scale-forming and minimum total- 
solids content consistent with the desired sulphate- 
carbonate ratio. The usual sodium zeolites hitherto 
known, which exchange their sodium base for calcium 
and magnesium (hardness), reduce this hardness to a 
minimum, but do not reduce total solids or alkalinity. 
The new hydrogen zeolites described in this paper retain 
the simplicity and complete hardness-removal character- 
istics of zeolite softeners and at the same time eliminate 
the alkalinity with (@) a corresponding reduction in total 
solids and CO, content of steam, and (0) an increase in 
the sulphate-carbonate ratio. Furthermore, they remove 
alkalinity present in any form; thus, for the first time in 
history it is possible, by simple economical means, to re- 
move sodium alkalinity often found in raw waters. 

When the capacity of these hydrogen zeolites is ex- 


T HAS long been recognized that high-pressure steam (400 

Ib per sq in. or higher) as compared to low-pressure steam 

produces substantial economies in power generation. Al- 
though this was first recognized in central-station design, the 
success of these plants quickly spread the gospel to industrial 
steam users who soon realized that by generating steam at high 
pressure and exhausting their power units at pressures suitable 
for process work and heating, they could practically obtain their 
power as a low-cost by-product. 

Since the maximum economy from such an arrangement is 
obtainable when there is a certain optimum balance between 
the power requirement and the process-steam requirement, this 
spread to the industrial field has been more recently followed by 
uniting an independent power-generating station with an adjacent 
industrial steam user to which the power station sells its exhaust 
steam, while it disposes of its electric-current output to pur- 
chasers in general. Thus, the bulk of the heat that is discharged 
to waste with condenser cooling water in isolated power stations 
is being saved for useful work in these joint power-industrial 
enterprises. 

The early high-pressure central-station installations operated 


1 Vice-President in charge of Research and Development, The 
Permutit Company. Mem. A.S.M.E. Mr. Tiger was graduated 
from New York University in 1918 with a B.S. degree in chemical 
engineering, and received a Ch.E. degree from the same university 
in 1919. In 1918 he entered the employ of the Balbach Smelting & 
Refining Company as a chemical engineer, but later the same year 
became associated with the Hewitt Steel Corporation. In 1919 he 
accepted a position as an engineer with The Permutit Company, be- 
came technical manager of that company in 1928, and was promoted 
to his present position in 1936. 

Contributed jointly by the Power Division and the Special Research 
Committee on Boiler Feedwater Studies for presentation at the 
Semi-Annual Meeting of THe AMERICAN Society or MECHANICAL 
ENGINEERS, to be held in St. Louis, Mo., June 20-24, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


hausted, they are regenerated by dilute acid solutions in 
the same manner as a salt solution is used to regenerate 
sodium-zeolite softeners. By combining the hydrogen- 
and sodium-zeolite effluents in correct proportions, or by 
alkali neutralization, it is a simple matter to obtain a 
feedwater completely free from hardness and of any pre- 
determined desired alkalinity. 

These hydrogen zeolites are made of carbonaceous sub- 
stances and are therefore practically free from silica. 
They can also be regenerated with common salt, and with 
such regeneration they can function in the usual sodium- 
zeolite cycle. Being extremely resistant to low pH waters 
and practically free from silica, and of relatively high ca- 
pacity, they also possess great advantages when used in 
the usual sodium-zeolite cycle, especially where it is de- 
sired to avoid any increase in silica content, a condition 
that is gaining favor rapidly in the high-pressure-boiler 
feedwater field. 


with distilled feedwater, but the later industrial installations re- 
quiring a high proportion of make-up water have been operated 
with treated make-up even for working pressures up to about 
1000 Ib per sq in. The importance of properly treating this 
make-up water is generally recognized, as exemplified by the ap- 
pointment of the Joint Committee on Boiler Feedwater Studies 
of the various technical societies to sponsor research in this field 
and to give full publicity to advances in this art. 

The trend in these feedwater-treating systems has been toward 
the maintenance of safe minimum alkalinities and almost zero 
oxygen for corrosion protection. Furthermore, it has been 
customary to follow the practice of maintaining the sulphate- 
carbonate ratios recommended some time ago by the A.S.M.E. 
while reducing to a minimum, as far as consistent with given 
requirements, the total dissolved solids in general and the 
seale-forming solids in particular. It is well known that the 
usual sodium zeolites regenerated with common salt reduce the 
scale-forming calcium and magnesium salts to the lowest ob- 
tainable figure, but a limitation on such treatment for high- 
pressure boilers has been the inability of this system to reduce 
alkalinity, i.e., the calcium and magnesium alkalinity has been 
transformed to the corresponding sodium alkalinity. 

Intensive research has been under way for some time to de- 
velop a material that would retain the great advantages of zeolites 
in simplicity of operation and completeness of softening, while at 
the same time reduce the alkalinity of the water to be treated. 
The goal of this research has been attained in the development of 
the high-capacity carbonaceous zeolites. This material was 
introduced under the trade name ‘“Zeo-Karb” a few years ago. 
It has been tested, tried, and proved by plant installations in 
widely scattered locations under varying practical conditions. 


GENERAL CHARACTERISTICS OF ZEO-KARB 


Zeo-Karb is a blackish granular material which can be pre- 
pared by any one of a variety of treatments of various carbonace- 
ous materials such as coal, lignite, or wood. The raw material, 
properly graded, is treated for extended periods with any one of 
a variety of chemicals such as fuming sulphuric acid, sulphur 
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trioxide (SO;), chlorosulphonic acid, or zine chloride, after which 
it is washed, stabilized as required, and finally screened to the 
desired grain size. Whether or not the raw material has any 
exchange power at all, this drastic chemical treatment imparts 
to it a substantially increased ion exchange power. In view of 
this exchange power, and in accordance with modern usage of the 
term, this material is classed as a zeolite, and, because of its 
carbonaceous origin, as a carbonaceous zeolite. 

As will be explained in detail in later sections of this paper, 
Zeo-Karb can function in the usual sodium-zeolite cycle when it 
is regenerated with sodium chloride in the usual manner. But 
because of its unlimited resistance to acids, it can also be re- 
generated with acid solutions, such as H,SO, or HCl, in which case 
it operates in what is called the hydrogen-zeolite cycle, the H of 
the acid entering the zeolite and being later replaced by the 
cations Ca, Mg, or Na present in the water to be treated. In 
addition, the material possesses very high operating exchange 
capacity on the order of 5000 to 12,000 grains of cations (ex- 
pressed as CaCO;) removed between regenerations per cubic 
foot of zeolite. 

Thus, as will be explained in detail herein, this new material 
possesses the following four outstanding advantages in the field 
of water conditioning: 

(a) Alkalinity Reduction. Wiile retaining the well-known 
zeolite characteristic of completely removing hardness by simple 
percolation of the water through a bed of the granular material 
this new zeolite can be readily applied so as to reduce the alka- 
linity or bicarbonates to any desired predetermined concentration 
or to eliminate this alkalinity entirely. 

(b) Sodium Alkalinity Removal. This ability to remove alka- 
linity applies not only to bicarbonates of the cations Ca and Mg, 
but also to the bicarbonate of the cation sodium (NaHCO), 
thus making it possible for the first time in history to remove this 
compound from solution by chemical means that is simple, 
positive, and economical. 


Table 1 Symbols and Terms 


Definition Symbol and exvlanation thereof 
Zeolite - insoluble substance Z = the inert part of the zeolite 
possessing readily exchange- that does not change during 
able ion, the cyclic reactions; 2 is 
considered bivalent for con- 
vience in writing reactions. 


Na and H - the usual chemical 
symbols for sodium and hy- 
drogen; used to designate 
the replaceable ion in the 
regenerated zeolite. 


NapZ = sodium zeolite fully re- 
generated by salt (NaCl). 


HoZ = hydrogen zeolite fully re- 
generated by any acid, 
e.g.» HoSOy. 

Ca and Mg = the total amount of 
these ions present 
in solution. 

Ca, Mg, and Na = total amount of 

these metallic 
cations origi- 


Calcium and magnesium are the 
hardness or scale forming 
constitutents in water. 


Calcium, magnesium and sodium 
constitute practically all 
the positive ions (cations) 


present in the usual waters, nally present 
in solution, 
Carbonaceous zeolite operating Zeo-Karbd Na 
in the sodium cycle 
Carbonaceous zeolite operating Zeo-Karb H 


in the hydrogen cycle. 


(c) High Resistance, High Capacity, and Flow Rate. Added to 
these qualities are an almost unlimited resistance to aggressive 
attack by acid waters and the ability to operate at a high flow 
rate and with a high total capacity. 

(d) Nonsiliceous Composition. This material is practically 
free from silica, a quality much sought for in these days when 
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Table 2 Form of Analysis for Simplifying Feedwater Calculations® 


Expressed 
Item Chemical Symbol in terms Constituents represented 
No, expression of or method of calculation 
1 Total hardness TH Cal0s Sum of Ca and Mg hardness 
2 Calcium hardness Cali Caos Ca hardness 
3 Magnesium hardness MgH Cal0s Mg hardness 


Alkalinity (total) Alk A of (HOO3) 
to Methyl Orange plus hydrates tary? 


Basicity Alk B Cc Sum of 1/2 © lus all CH 
to Phenolphtalein © 
6 Causticity Ako ¢ Only GH alkalinity 


7 Sodium alkalinity Alk Na N Excess alkalinity above hard- 
ness = 1,06 (Alk A = TH) = 


1.06 (item 4 = item 1) 


& Gulphates Total sulphates 

9 Chlorides cl NaCl Total chlorides 

10 Sulphates 90, Cac0s, Item 8 x (100/142) = 8 x 0.7 
Chlorides cl Cad0s Item 9 x (100/117) = 9 0.8 
12. ‘Silica ee Sido 
13 Total solids ts Various Add items 4 plus & plus 9 to 


units obtain total solids as they will 
occur in boiler 


14 Sulphatesoarbonate R NaoS0y Divide item 8 by item 7. Min- 
ratio NagcOs imum ratio recommended by A.S. 

M.E. for pressures above 250 
ld per sq in. = 3 

15 00> Content of steam .. CO 0.8 x Alk A of makeup x per 
cent makeup (for derivation 
see Table 3) 

16 Total cations TC Cad0; Same as sum of anions (item 4 


plus item 10 plus item 11) 
Maximum acidity that can theo- 
Tetically be formed on HoZ 
cycle (item 10 plus item 11) 
Actual measured acidity of a 
water 


17 Theoretical mineral ThMA 
acidity 


18 Free mineral acidity FMA Cal0z 


® Convenient unit is parte per million (ppm), which is the same as 
milligrams per liter or pounds per million pounds; it is readily converted 
to grains per gallon: 1 grain per gal = 17.1 ppm. 


it is desired to maintain the silica content of boiler feedwaters at a 
minimum, 


SYMBOLS AND INTERPRETATION OF FEEDWATER ANALYSES 


Before proceeding further, and in order to simplify and clarify 
the discussion which follows, it appears advisable to introduce 
the terms and symbols given in Table 1 which have been found 
convenient and helpful. Some of these are newly coined sym- 
bols and others are the usual chemical symbols. 

There has also been considerable confusion for engineers in 
the past as a result of the great variety of methods of expressing 
leedwater analyses used by chemists. These modes of ex- 
pression frequently require arduous conversions and calculations 
where a more rational method, conceived in terms of the require- 
ments of this particular field, would usually make it possible to 
make the necessary feedwater calculations by simple arithmetic 
methods and in many cases by simple inspection of the feedwater 
analysis. To assist in such calculations and interpretations, a 
convenient form of reporting feedwater analyses is given in Table 
2. This table also includes some new items which are especially 
required in calculations on the H.Z cycle. It will be noted that 
in the case of some constituents (like Items 8 and 10, or 9 and 11) 
provision is made for expressing the same constituents in terms of 
various units for convenience in calculating certain values. 

Referring to total solids, that is, Item 13 of Table 2, this is an 
approximate calculation based on the form in which the con- 
stituents will be present in the boiler. Thus, the alkalinity is 
calculated as CaCO; having a molecular weight of 100, which is a 
fair average for the actual compounds of alkalinity which are 
present in a boiler. The sulphates and chlorides are calculated 
in terms of the sodium salts, because that is the form in which 
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they are actually present after almost any feedwater treatment. 
Nitrates and silica are not included in this calculation because 
they are usually present in such small amounts as to be negligible 
so far as the total-solids computation is concerned. Although 
this simplified method of calculation is only approximate, ex- 
perience with such calculations on thousands of waters shows 
that this method gives results that are usually accurate to 
* 5 per cent, which is well inside the limits within which the 
concentration can ultimately be controlled in the boiler and is 
therefore sufficiently accurate for these purposes. 

For the actual determination of total solids, there is now 
available a rugged but sensitive density-measuring instrument in 
the form of a Pacometer, which is the trade name for a specially 
designed and constructed hydrometer that has a removable 
stainless-steel stem of small cross-sectional area with resultant 
high sensitivity. Actual measurement of the total solids in the 
boiler salines at frequent intervals is necessary for proper operat- 
ing control. However, in evaluating a method of feedwater 
treatment from the point of view of total solids, it is necessary to 
be able to calculate in advance the total solids to be expected as 
outlined in Table 2. 

Item 14 is the well-known sulphate-carbonate ratio recom- 
mended by the A.S.M.E. for inhibiting embrittlement in boilers. 
It will be noted that by expressing the sulphates (Item 8) and the 
sodium alkalinity (Item 7), respectively, in the form in which 
they are used in the actual calculation, this ratio calculation can 
immediately be made from the analysis itself by merely dividing 
Item 8 by Item 7. 

Items 16, 17, and 18 are new expressions which are required 
in Zeo-Karb H (H,Z) calculations. In considering Item 16 
(total cations), it should be borne in mind that in the usual NaoZ 
cycle it is only the hardness cations (Ca and Mg) that exchange for 
the Na base of the zeolite; the Na ions present in the original 
water pass through the bed unchanged and remain in the effluent. 
In the H,Z cycle, however, all the cations, i.e., the Ca, Mg, and 
Na exchange for the H ion of the zeolite, and it is therefore neces- 
sary to use the sum of all these ions in calculating the capacity of 
a Zeo-Karb H unit. However, since the sodium ion itself is not 
determined by analysis and since the sum of these cations is 
identical with the sum of the nonmetallic ions (anions) when ex- 
pressed in terms of the same units, it is more convenient to use 
merely the sum of the anions for these H.Z calculations. 


OPERATING PRINCIPLES OF CARBONACEOUS ZEOLITES 


The principles upon which the ordinary sodium zeolites operate 
are well known. During softening, the Ca and Mg ions, which 
constitute hardness in water supplies, exchange for the sodium 
base of the zeolite as the water passes through the insoluble 
zeolite bed. After exhaustion of the zeolite softening capacity, 
the bed is regenerated by any cheap sodium or potassium salt, 
the usual one being common salt or NaCl. The reactions which 
take place in this so-called sodium-zeolite cycle may be sum- 
marized as follows: 


For softening 

(Ca and Mg) salts + Na,Z— (Ca and Mg)Z + Na salts.... [1] 
For Na,Z regeneration 

(Ca and Mg)Z + 2NaCl — Na2Z + (Ca and Mg) chlorides. . [2] 


Hitherto it has not been practical to regenerate zeolites with 
acid because none of the existing zeolites possessed both the 
resistance to acid attack and sufficient capacity to make the 
idea practicable. But, Zeo-Karb is made by treating carbona- 
ceous materials with strongly acid substances, and the final prod- 
uct is extremely resistant to acids and at the same time possesses 
high exchange capacity. Therefore, it is now possible for the 
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first time to make use of acid regeneration, i.e., the hydrogen- 
zeolite cycle, in a practical way. In this connection, it should be 
clearly understood that these carbonaceous zeolites can also 
function satisfactorily in the Na2Z cycle; in fact, they possess 
certain advantages even in that cycle, as will be shown later. 
But it is the H.Z cycle which produces such a radically new 
effect on the quality of the effluent obtained. 

Since the cations Ca, Mg, and Na occur in water principally as 
bicarbonates, sulphates, and chlorides, the various reactions 
that take place in the hydrogen-zeolite cycle may be expressed 
briefly as follows: 

For H.Z softening 


Ca Ca 
Mg } (HCO;)2 + H.Z — | Mg } Z + 2H,CO;...... {3] 


Naz Naz 
Ca Ca 
Mg } SO, + H.Z— | Mg } Z + H,SO,...... [4] 
Naz Naz 
Ca Ca 
Mg } Cl. + H.Z — | Mg } Z+ 2HC!...... (5] 
Nae Nae 
For regeneration 
Ca Ca 
Mg } Z + H.SO,— H.Z +{ Mg } SQy........... [6] 
Naz Nae 


or when hydrochloric acid is used in the regeneration, the re- 
action becomes 


Ca Ca 
Mg } Z + 2HCl > H.Z + | Mg} Ch........... [7] 
Nae Naz 


From reaction [3] it is clear that in this HZ cycle all the bi- 
carbonates are converted into H:CO;. It is well known that 
H.CO; decomposes easily into H,O0 + CO:, and this CO; can be 
readily removed by aeration or heating according to the reaction 


H,CO; — H,0 + CO, [8] 


Thus, besides completely removing the hardness, Zeo-Karb H 
followed by simple aeration or degasification removes bicar- 
bonates without substituting other salts in their place, as is the 
case for example when bicarbonates are decomposed by direct 
acid neutralization. Such neutralization merely transforms 
these bicarbonates into the corresponding amounts of sulphates 
which remain in solution as indicated by the reaction 


Ca Ca 
Mg } (HCO;): + H,SO, — | Mg }SO,+ [9] 
Nay Nae 


It is apparent that the transformation in reaction [9] does not 
reduce the total solids, whereas the H2Z treatment set forth in 
reactions [3] and [8] actually eliminates bicarbonates and re- 
duces the total solids correspondingly. Furthermore, it should 
be borne in mind that this H,Z treatment can reduce the alka- 
linity to any predetermined concentration, not only when the 
alkalinity is present as the bicarbonate of Ca and Mg, but even 
when it is present as sodium bicarbonate (NaHCOQ;), a fact 
which is particularly important where only waters high in this 
constituent are available since it has hitherto been impossible to 
remove NaHCO; by any form of treatment other than distillation. 


EquIpMENT ARRANGEMENT FOR H2Z 
Referring now to reactions [4] and [5], it will be noted that the 
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H,Z treatment also transforms the sulphates and chlorides into 
the corresponding H compounds, namely, H.SO, and HCl. 
Thus, while the cations are being removed from the water, 
practically all the sulphates and chlorides are being converted 
to the corresponding sulphuric and hydrochloric acids which 
must then be neutralized back to Na,SO, and NaCl. This is 
being accomplished in two ways in actual installations. 

Method A. By-passing a portion of the raw water around an 
H.Z unit and through an Na,Z unit which operates in parallel 
with the H.Z unit. Fig. 1 illustrates such an arrangement with 
simple automatic rate-of-flow controls that maintain a constant 
ratio between the H,Z and Na,Z effluent flow rates so as to ob- 
tain the desired Alk A in the final mixed effluent at all times. 
A simple device is provided so that if the operator shuts off either 
the H.Z or Na,Z unit, the other unit is automatically cut off at the 
same time. This gives full protection against H,Z effluent pass- 
ing into the degasifier if for any reason the Na,Z effluent flow 
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stops. Fig. 1 also illustrates how the water discharges through 
the degasifier for CO, removal and into the feedwater system. 
The neutralizing reagent in this case is the NaHCO; of the 
Na2Z softened water, which reacts with the free H.SO, or HCI 
thus 

The correct proportion of water to by-pass around the H,Z units 
depends upon the Alk A of the influent, the free-mineral acidity 
(FMA) of the H,Z effluent (which depends upon the sulphate + 
chloride content of the influent), and the Alk A desired in the 
final mixed effluent. This can be readily calculated according 
to the formula 


Per cent HZ treated = 100 
4, + FMA 
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where A, = Alk A of raw influent, A,, = Alk A desired in the 
mixed H,Z-Na.Z effluent, and FMA = free mineral acidity which 
is approximately 0.9 X ThMa (see Item 15 of Table 2); this 
formula was derived as follows: 

Assume 100 volumes total to be treated and let V = number 
of volumes to be HZ treated. Since 1 part of free mineral 
acidity (FMA) neutralizes 1 part of Alk A, and since Alk A of 
the Na:Z effluent is the same as the original Alk A = A,, and we 
know that it is desired to finish with a mixture of 100 parts 
having a certain predetermined Alk A = A,,, it follows that 
(100 — V)A, = Alk A in the Na,Z effluent, and VY X FMA = 
acidity in the H,Z effluent. Thus 


(100 — V)A, — (V X FMA) 
100A, — VA, — (V XK FMA) 


Alk A in mixture = 100A,, 
100A,, 


100A, — 100A,, = V(A, + FMA) 
and 
A, + FMA 


Method B. Neutralization with any suitable alkali such as 
caustic soda (NaOH) or soda ash (Na,CO;) or sodium phosphate 
(NasPO,) by means of any appropriate alkali feed in the de- 
gasifier effluent line. Fig. 2 illustrates this arrangement with a 
simple gravity alkali-solution feed that stops and starts in syn- 
chronism with the flow of the H.Z effluent. This method is 
usually economical where the FMA in the effluent is low or where 
the total volume of water treated is small or where alkali is very 
cheap, so that the cost of this chemical is negligible. The prefer- 
able method must be calculated for each case, but usually on 
larger plants, particularly if the raw water contains much bi- 
carbonate, the by-pass method discussed as method A is more 
economical. 


Table 3 00> Added to Steam by Decomposition of Sodium Bicarbonate and 
Carbonate 


When alkalinity And per cent de- 100 ppm Alk. A ex~ 
is due to: composition is: pressed in terms of 


And fornus: 


liberates: 
uy 100 
80 
Total 79 ppa OO 


The amount of Alk A to be left in the final mixed effluent de- 
pends upon the purpose for which the water is to be used. With 
high-pressure boilers and relatively low sulphate content in the 
raw water, it may be advisable to keep the Alk A of the final 
mixed effluent down to about 10 to 15 ppm so as to keep the added 
sulphate (if any is required for the proper sulphate-carbonate 
ratio) down to a minimum and thereby maintain the desired 
sulphate-carbonate ratio while obtaining minimum total solids. 
Lower Alk A in the feedwater also means a correspondingly low 
CO; content in the steam. However, in smaller or lower pressure 
plants, it is usually satisfactory to maintain an Alk A of about 30 
to 40 ppm. 

The CO, content of the steam is an important factor in a 
modern steam plant. This is particularly true in large central 
heating plants where there is special concern for corrosion of long 
steam and condensate lines. Although admittedly the oxygen 
which may find its way into the steam and condensate from the 
feedwater or from leakage into the condensate lines is the primary 
cause? of corrosion, there nevertheless seems to be considerable 


* “Corrosion of Steel,” by T. J. Finnegan, R. C. Corey, and D. D. 
Jacobus, Journal of Industrial and Engineering Chemistry, vol. 27, 
July, 1935, pp. 774-780. 
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support for the fact that CO, may accelerate? this corrosion; 
therefore, it is desirable to reduce the CO, content to a minimum. 

Since the free CO; is fully eliminated in any well-designed and 
well-operated open or deaerating feedwater heater, it follows that 
the only source of CO, in the steam is from the CO, in some 
combined form in the feedwater, i.e., in the form of bicarbonate 
(HCO; ion) or carbonate (CO; ion). As is well known, at higher 
boiler temperatures and pressures the NaHCO; decomposes 
completely according to the reaction 


2 NaHCO; Na,CO; + H,O + CO:... [11] 
(100 as CaCOs) (100 as CaCOs) (44) 


and the Na,CO; decomposes to the extent of about 80 per cent 
according to the reaction 


Na,CO; + — 2Na0H + Co, ada {12] 
(100 as CaCO) (44) 


It is clear from reactions [11] and [12] that not only the con- 
centration but also the type of alkalinity in the final feedwater 
determines the concentration of CO, in the steam, and from these 
reactions the amounts of CO, formed under ordinary boiler con- 
ditions may be readily calculated as shown in Table 3. 

Thus it is evident that each 100 ppm of Alk A (if it were 
present as NaHCO;) will liberate a total of 79 ppm CO2. Since 
such calculations are usually made on the analysis of the make-up 
water rather than that of the final feedwater, and since the con- 
densate returns are usually free from bicarbonates and carbon- 
ates and therefore merely dilute the make-up, it is possible to 
use simple formulas for calculating the CO, liberated with the 
steam; thus ppm NaHCO, in make-up (expressed as CaCQO;) 
X per cent make-up X 0.8 = ppm CO; in steam; and in the case 
of Na,CO;, ppm Na,CO; in make-up (expressed as CaCO;) X per 
cent make-up X 0.35 = ppm CO; in steam. 

It follows from the foregoing discussion that if all the alkalinity 
in a feedwater were due to hydroxides or phosphates, i.e., non- 
carbonate alkalinity, there will be no CO, in the steam. With the 
H.Z cycle, this result can be approached by reducing the Alk A 
to a very low figure (say about 5 ppm), removing the bulk of the 
free CO, in the cold degasifier and the residual CO, in the feed- 
water heater. The pH value of the water is then substantially 
increased by adding a noncarbonate alkali like NaOH or Na;PQ,. 

Such an alkali as NaOH has the advantage of imparting a rela- 
tively high pH value to the feedwater when added in small 


Table 4 Comparative pH Values in Absence of Free 00> 


ppm Alk A Corresponding pH value when this Alk A is 
expressed present in the form of: 
10 &.3 8.4 10.3 
20 8.3 9.1 10.6 
x» &.3 9.4 10.8 
4o 8.3 9.7 10.9 
6 8.3 9.9 
10000 8.3 11.6 13.3 


® In the absence of free C02, changes in concentration 
Of WaHCO, have no effect on pH value. 


amounts to CO,-free water and without appreciable increase of 
total solids. Table 4 makes this clear. 

Thus, with the arrangement described previously, it becomes 
possible to maintain high pH values for maximum feed-line 
and economizer protection, and at the same time the total 
alkalinity of the feedwater may be kept relatively low. This in 
turn resuits in a lower sulphate requirement for maintaining 
the proper sulphate-carbonate ratio and in a lower total-solids 
content, which will be illustrated by the examples to be con- 
sidered later. 
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OTHER Factors TO BE CONSIDERED IN ADDITION TO EFFLUENT 
QUALITY 


In the foregoing discussion, primary emphasis has been laid 
upon the quality of the feedwater. This has been done in recog- 
nition of the fact that the large modern high-pressure-boiler 
installation represents a substantial capital investment worthy 
of the best that modern science can offer in the way of protecting 
the all-important heat-transmission surfaces which are called 
upon for such heavy duty. There are, however, other aspects 
of the feedwater-conditioning system that must be considered 
in reaching conclusions as to the type of equipment to be chosen 
in any particular case. These other factors are briefly discussed 
as follows: ; 


Operating Cost. Operating cost is made up of several elements 
such as chemical for treatment, heat losses, waste water, operat- 
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ing labor and supervision, maintenance and repairs including re- 
placement of materials or parts, and interest and depreciation. 
It is apparent that each of these figures will vary according to the 
local conditions prevailing in each case. For example, in one 
locality salt may be expensive, and lime and soda may be cheap. 
In another case, brine wells or sea water may furnish a practically 
free supply of salt. In certain industries such as meat-packing 
houses, there are often available waste sodium-chloride brines 
which are clean enough or can be easily purified to be quite satis- 
factory for regenerating Na2Z softeners. In certain foreign 
countries, particularly where there is a high tax on NaCl, it is 
sometimes economical to use other salts, such as saltpeter 
(NaNO;) which may be available at low cost. 

In the case of acid for regenerating Zeo-Karb H, the cost may 
often be low, because acid is purchased in huge quantities for other 
plant processes. Fortunately, it happens that this applies to 
those industries which consume most of their steam in process 
and therefore have the largest feedwater make-up requirements, 
so that with the large volume of make-up to be treated, the cost 
of chemicals for the treatment becomes a very important factor. 
Examples of such industries are steel, oil, chemicals, paper, and 
leather. 

Furthermore, it is interesting to note that there are on the 
market various grades of acid that are not quite as highly puri- 
fied as the usual grades of commercial acid and these are usually 
available at much lower cost, as for example a grade of sulphuric 
acid called “fertilizer acid.” The minute amounts of impurities 
in such acid are of no concern in its use for regenerating Zeo- 
Karb. 

As a matter of fact, actual waste acids are available at prac- 
tically no cost in many industrial plants. These acids may be 
somewhat diluted as a result of the process work in which they 
were used and they are also often contaminated so as to render 
them unfit for further use in process. But such dilution and 
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contamination does not usually affect the quality of the acid so 
far as regeneration of Zeo-Karb H is concerned. This becomes 
apparent when one considers that the Zeo-Karb takes up the 
only useful constituent in the waste acid, namely, the H ion, 
and allows the rest of the acid and contaminants to pass to waste. 
There are some waste acids which contain contaminants that may 
physically adhere to the Zeo-Karb and may not rinse out readily 
and completely; such an acid would of course be unfit for use. 
But investigation shows that many waste or semiwaste acids 
are satisfactory for these regenerating purposes and where 
these are available there is opportunity for great operating 
economies in Zeo-Karb H treatment. 

Operating Control. The type of operating personnel must 
also be given attention in considering various methods of treat- 
ment in each case. The degree of skill required of the operators 
and the need for chemical supervision, as well as the actual time 
consumed in operation, are all matters of importance. 
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Disposal of Sludge Versus Clear Regenerating Liquors. The 
type of waste material is often an important consideration. In 
this regard the clear, neutral waste brines from an Na»Z unit 
usually offer no disposal problem; the waste regeneration 
effluent of an H.Z unit contains some acid, but this is practically 
a clear liquid and merely requires the usual noncorrodible 
vitrified-tile sewer line to carry it into the larger waste main or 
stream where, upon dilution, the small amount of excess acid 
is neutralized. Lime-soda treatment involves the disposal of a 
sludgy waste liquor, and in some cases offers a problem because 
of the danger of clogging waste lines, especially if they are long 
and circuitous. 
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Space Requirements. Space 
requirements are generally in 
favor of zeolite treatment as 
compared to lime-soda, because 
the latter always requires a 
l-hr settling tank in addition 
to the filters. Where the raw 
water contains some turbidity, 
the zeolite requires filtration 
pretreatment and where the 
raw water is very turbid, co- —— 


agulation and settling pretreat- phosphate Formula lar wt. 
ment may also be required, Phosphoric acid HPO; 98 
in which event the space ad- (75 per cent) 
vantage of zeolites is lost. Mono-sodium, NaHaPQ, 121 
Zeo-Karb H requires also space phosphate(an~ 
for the degasifier. hydrous) (99 #) 

Initial Cost. Other things Disodium phog- NagHPO, 142 
being equal, zeolite condition- 
ing equipment increases In size 
and cost in proportion to the 
amount of impurities to be re- (% per cent) 
moved: Ca and Mg in the 102 
case of NaeZ, and Ca, Mg, and phosphate 


Na in the ease of H.Z The (Hagan) 
size of hot-lime-soda equipment 
on the other hand, depends 
primarily on the volume of 
water to be treated independ- 
ently of the composition of the 
water. It is found that higher hardness favors the initial cost 
of hot lime-soda in such comparisons, although so many factors 
influence this item that it is impossible to state any general rule. 


Table 5 Comparative Effect of Variations in Raw-Water Composition on Lime-Soda 
Treatment and Zeo-Karb H and Na Treatment ® 


------Raw water Dosage for Lime- Percent 4, for*con- 
19% Total  SOdasoftening: for stant set- 

hardness as Ol Lime constant ting of 40 

as Ca00; CaCd; as Ca(CH)> Seda dg =15 per cent Boz 
Jan. 2u0 278 169 43 2 
Ted. 353 226 262 165 % 
Mar, 214 19 175 152 110 42 22 
Apr. 215 16 2 1% 125 5 
May 215 Sell 153 113 9 
June = 158 121 78 43 22 
July 9 123 104 16 
Aug. 201 118 1% 13% 1s % 3 
Sept. 207 133 206 109 3 8 
Oct, 238 158 225 176 to 16 
Nov. 260 1660 UT 187 19 
Dec, 203 229 42 25 
Average 239 155 175 120 40 17 

Line Soda Per cent 

Per cent deviation above average.. 59 w 10 
Per cent deviation below average,> 41 38 10 


® This table shows, for Missouri River water at Omaha, Neb., (a) variations 
required in lime and soda dosage for proper hardness removal; (b) variations 
Tequired in ratio of flow rates of HoZ:NaoZ for constant Ay (alkalinity of the 
nixed HoZ-NaoZ effluept);and (c) variations in Ag even if HoZ:NaoZ flow-rate 
Tatio is not changed from average setting. 


”  - All analyses {n’ this table are expressed in ppm, unless otherwise 
8 


NOTE: This study illustrates the fact that when the composition of surface 
waters varies, it ts usually due to successive rainfalls and droughts which 
mainly result in dilution and concentration effects, i.e., such constituents as 
alk A and ThMA to a certain extent rise and fall together. Thus, the effect on 
variations required in the HoZ:NaoZ ratio is not nearly as great as on dosages 
required for lime-soda treatment, 
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Table 6 Phosphate Data 


Yolecue cial 


Ppa in- 
crease 
in 
Each ppm Ca H total 
oun precipitated . solids 
commerc 
causes: 
Consumed Net solved Cost of 
Per cent byl ppm AlkA Alk No plus phosphate: 
Po0s, in Equal Cahard- de- in- suspended) ‘ ¢ 
commer- tol ness ex- crease crease per pom ¢ per 
ppm pressed as as phosphate per 1b 
product PO, Ca0C3 Calo; added lb PO, 
54.5 1.37 0.87 1.00 0 0.04 9.0 12.0 
58.0 1.28 0.81 0.65 0.35 om.) 8.4 11.0 
ug 1.54 1.00 0.35 0.65 0.71 5.7 9.0 
x7 2.00 1.26 0 1.0 0.86 6.0 12.0 
70 1.08 0.68 0.65 0.35 0.57 12.0 13.5 


NOTE: To calculate the total solids after phosphate treatment, it is necessary to add the suspended 
Caz(POy)o (which has practically the same weight as the CaCC3 removed) to the usual dissolved solids 
calculation described earlier (Alk A plus NapSO, plus NaCl). 


Moreover, in considering initial cost, it is important to make 
due allowance for the cost of delivery and erection as the latter 
factor may often change the picture substantially, particularly 
where the type of equipment involves the erection of special 
foundations, sewers, insulation, and large steam piping. 


Typical Zeo-Karsp H anp NA PERFORMANCE 


It is of course desirable that the Alk A of the mixed H.Z-Na.Z 
effluent, or of the neutralized H.Z effluent, be fairly constant so 
us to give the minimum Alk A consistent with safe operation 
and freedom from acidity in the mixed effluent. The question 
therefore naturally arises as to the chemical characteristics of 
the H.Z effluent in actual operation. 

Fig. 3 illustrates the performance during a typical run. It 
should be noted that the run starts at a point where the excess 
regenerating acid has been thoroughly rinsed out of the bed and 
the free mineral acidity approximates the theoretical mineral 
acidity. The operator merely checks the free mineral acidity 
during the rinse and he does not connect the unit into the line 
until this free mineral acidity represented by the flat part of the 
curve is approached. Thereafter the free mineral acidity re- 
mains practically constant throughout the run, and, since this 
is the result of a straight hydrogen exchange in which the H 
ions are exchanging for the Ca, Mg, and Na ions of the water, 
there is no possibility of the free mineral acidity increasing even 
if the water should lie in contact with the bed indefinitely. When 
the capacity of the unit is exhausted, the free mineral acidity 
drops off, but the actual ratings used in practice call for shutting 
down the unit before this point is reached. 

Fig. 3 also shows that if the run were continued considerably 
beyond the normal end point, the free mineral acidity would 
continue to drop and at some later point, some of the cations Ca 
and Mg (hardness) would begin to appear in the effluent. As 
stated previously, however, the run is cut off while the FMA 
curve is still flat, and it follows therefore that the effluent is free 
from hardness throughout the normal run. 
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a, 
Table 7 Operating Results and Costs of Treatment on Filtered Great Lakes Water 


Distillation: j 
After 
Zeo-Karb treatment for Hot lime-soda 8 ppa | 
final Ak AS15 --------—~- treatment: NaQH 
After After plus 
23ppn 59 ppm Before 30 ppm 
70 Mixed H & Na: NapSOQy supple- NaoSQ, supple- NagSdy 
In per per Before After plus mental plus mental plus 
terms Raw cent cent degas- degas- 3 ppm treat- 18 ppm treat- 2 ppm 
Symbol of water HoZ Naoz ifier ifier NaHoPOQ, ment NaHoPOQ, ment NaHoPO, 
Total hardness TH Call; 120 Oto2 Oto2 Oto2 Oto2 Oto2 2.0 2  Oto2 Oto2 
Magnesium ..... CaCO; oe ee <> 7.0 7 oe 
Alkalinity to 
methyl orange. Alk A Ca00z 110 .. 110 15 15 14 50 % 0 to 2 10 4 
Basicity to q 
Phenolphthalein Alk B .CaC03 fe) 0 fe) 0 26 19 oe eo 
Sodium alkalini- ‘ 
. Alk .. 116 16 16 V7 26 23 0 10 
Free C02 ..... 002 > 6 10 6 9 860 0 0 0 
Chlorides .... .. NaCl hu ll ll ll ll ll ll 0 tol 1 
Sulphates .... .. 28 28 28 28 28 51 87 0 tol 
Chlorides..... .. CaCO; 10 10 10 10 10 10 10 10 ee oe 
Sulphates ....... Ca00; 20-20 20 20 20 % 20 61 . os 
Total cations. TC 140 45 61 oe 
Theoretical 
mineral 
Free mineral 
acidity..... FMA Cal03 0 0 0 0 oe 
Silica ....... Si0> 8 g 6 6 0 tol 
Total solids.. TS oe 5u 7 89 157 2 to & ul 
Sulphate :Car- 
Nag003 
CO2 content of 
steam(for 
100% makeup) .. OOo oe eo oe ee 12 ll 12 14 oe 3 
as available, for example, at Buffalo, N.Y.; Cleveland, Ohio; Chicago, Tl. 
LIVE analytical results are expressed in ppm: 17.1 ppm = 1 grain per gal; 120 ppm = 1 1b per 1000 gal. 


°The Ca hardness iv present in the boiler as the precipitated calcium phosphate, 
Approximate Chemical Costs 4 


gal Cost per Cost per 1000 Cost per Cost per 1000 Cost per Cost per 1000 
Zeo-Karb H and Na: lv.¢ gal, ¢ lv, ¢ gal, ¢ lb, ¢ gal, ¢ 
Suphuric acid (66°Be') 1.400 0.9 1,26 0.6 0,84 1.5 2.11 
QD 0.4 0.38 0.38 0,38 
Sodium sulphate ...... 0.200 1.5 0.30 tan 0,30 ree 0.30 
Sodium phosphate 
(anhydrous mono) ... 0.025 84 0.21 0.21 0,21 
2.15 1.73 3.00 
Hot lime-soda: 
Hydrate of. lime ...... 0.920 0.6 0.55 ° 4 
Sodium sulphate ...... 0.490 2.5 0.74 
Sodium phosphate 
(anhydrous mono).... 0.150 8.4 1.25 
3.16 


qd Values given are per 1,000 gal; to express figures per million lb of water, miltiply by 120, 

NOTE: To the summarized chemical costs there mst be added the cost of waste water. In the case of the 
Zeo-Karb treatment, this amounts to about 60 gal of untreated raw water per 1,000 cal of treated water. In the 
hot lime-soda plant, the backwash effiuent of the filters is recovered so that the only waste water is that 
used in de-sludging, which amounts to about 10 gal per 1,000 gal of treated water. Hovever, this wacte water 
is hot and to this heat loss of about 12,000 Btu there must be added the heat loss corresponding to about 3 F 
temperature drop through the equipment. This makes a total heat loss of approximately 37,000 Btu per 1,000 
gal of treated water which, at a heat value of 20¢ per million Btu, amounts to about 0.7¢ per 1,000 gal of 
treated water. 

Distillation: The chemical costs amount to only about 0,8 per 1,000 gal, but this is insignificant com- 
pared to the cost of distillation. This cost consists mainly of heat losses due to radiation, conduction, etc.. 
which reach a substantial figure even where the proportion of makeup is only about 5 per cent and the heat 
balance is properly arranged for distilled makeup. Where the proportion of makeup is substantially hicher, 
the cost of distillation increases so rapidly as to become prohibitive. 


Referring further to the characteristic curve, it should be acidity, and the end point of the run is within 10 per “eH te 
noted that during the bulk of the run the actual free mineral than the mean actual free mineral acidity; these hig Eetthe 
acidity is about 10 per cent below the theoretical mineral acidity. _ lower portions of the curve total less than 10 to 15 per rs yn : 
The starting point of the run is at an actual free mineral acidity _ entire run. When the HZ effluent is then mixed wit e ~a 
about 10 per cent higher than this mean actual free mineral effluent of constant Alk A(A,), these slight deviations in 
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Table 8 Operating Results and Costs of Treatment on Houston, Texas, City Supply ss 


Zeo-Karb treatment for a 
------ final Alk A= 15 ppm 


Acid plus hot lime 
---- treatment-------- 


After After 
42 ppm 
74 26 Mixed H& Na: NaoSQ,  ppmée 
In per per Before After plus deg After After 


terms Raw cent cent degas- degas- 4 ppm sul- hot 12 ppm. distil- 


Symbol of water HZ ifier ifier NaHoPOQ, furi¢ lime NaHoPO, lation 

Total hardness Th 70 Oto2 Oto2 Oto2e Oto2 Oto2 70 10 10 Practi- 
Calcium ...... CaH Cas 6 7 cally 
Magnesium .... MgH ee éa 24 3 3 the 
Alk toM.0... Alk A 240 240 15 15 14 126 6 % 
Basicity to Pht AlkB 0 ee 0 0 0 29 Table 7 
Sodium alk..... Ak Na 254 16 16 17 60 6 57 
Free 00p....... 20 231 20 218 10 10 120 
Chlorides ..... .. NaCl 78 78 78 78 78 78 7% 7 
Sulphates...... .. Nas, 9 9 9 9 9 51 im im im 
Chlorides ..... .. 66 66 66 6 66 6 
Sulphates..... GCG 6 6 6 % 120 120 120 
Total cations.. 10 312... 312 ee 116 
Theo,Min,acid . ee ee ee ee 
Free min, acid, FMA 0 0 0 
Silica ........ 25H 85H 25 25 25 25 25 22 22 
Total solids... TS ee ee ee ee 102 374 315 
Sul phate:Car- NaoS0\y 

Donate ratio .. Wa00s 0.56 2.9 3 
COs content of 

of steam (for 

100% makeup). .. 00> 2 n 2122 


411 analytical results are expressed in ppm; 17.1 pom = 1 grain per gal; 120 ppm = 1 1b per 1,000 gal. 
rhe Ca hardness is present in the boiler as the precipitated calcium phosphate, 


Approximate Chemical Costs © 


Lb per 1000 ----- Acid (a) ------- Acid (b) -—-----—  --—- Acid (c) 
gal Cost per Cost per 1000 Cost per Cost per 1000 Cost per Cost per 1000 
Zeo-Karb and Na: 1b,¢ gal, ¢ lo, gal, ¢ lb, gal, 
Sulfuric acid (66 
450 0.9 3.10 0.6 2.06 1.5 5.18 
0.700 0.4 0.28 0.28 eee 0.28 
Sodium sulphate... 0.350 39 0.52 0.52 0.52 
Sodium phosphate 
(anhydrous mono). 0.033 8.4 0.28 ase 0.28 ave 0.28 
4,18 3.14 6.26 
Acid-hot lime: 
Sulfuric acid (66 
1,00 0.9 0.90 0.6 0.60 1,5 1.50 
Hydrate of lime... 0.91 0.6 0.55 San 0.55 << 0.5 
Sodium phosphate 
(anhydrous mono). 0.10 8.4 0.84 0.84 0.84 
Totals eeeee . 2.29 1.9 2.89 


CValues in this table are for 1000 gal; to express ficures per million lb of water, multiply by 120, 

Nore: In addition to these chemical costs there must be added cost due to waste water and heat losses 
(see Table 7). Furthermore, with these higher total solids, the blowoff for 2500 ppm boiler concentration 
would be about 13 per cent as against about 6 per cent for the Zeo-Karb effluent. This difference not only 
causes difference in blowoff heat losses, but also entails treating about 8 per cent more water, which in turn 


increases the total chemical cost proportionately. 
Distillation: Same comments as in Table 7. 


actual free mineral acidity are further reduced in proportion to 
the percentage of H,Z effluent in the mixture. These facts are 
clarified by the following example: 

Let the raw-water theoretical mineral acidity = 80, A, = 
200 and A,, (desired) = 15. Then the percentage of HZ 
effluent = 100(200 — 15)/(200 + 80) = 66 percent. The mean 
actual free mineral acidity + 0.9 X 80 = 72 ppm with a maximum 
deviation of + 7ppm. After mixing, this deviation 66 per cent 
of * 7 ppm or + 4 ppm deviation in A,,. Thus, it is seen that 
the final mixed effluent is of substantially constant composition 
throughout the course of the run. 

Effect of Variations in Raw-Water Composition. Another ques- 
tion of interest is the effect of variations in the composition of 
the raw water to be treated. As explained previously, it is very 
simple to adjust the rate-of-flow controllers on the H.Z and Na.Z 
effluents to obtain any ratio, i.e., any desired Am. In fact, this 
simple adjustment is all that is required to compensate for 


changes in the composition of the raw water. However, it is of 
particular interest to note that, with the usual surface water 
supply, the changes in composition over extended periods are 
usually due to successive rainfalls and droughts so that to a sub- 
stantial extent the concentrations of the respective constituents 
rise and fall together. It will be recalled that 


A, A,, 
A, + FMA 


and a set of typical calculations for an extremely variable sur- 
face supply illustrates the fact that substantial changes in raw- 
water composition require relatively small changes in the H.Z- 
Na2Z ratio for constant composition of the mixed effluent. 

Such calculations are presented graphically in Fig. 4. These 
curves are based on average monthly analyses for the entire year 
1936. The upper set of curves represents the raw-water compo- 
sition with respect to total hardness, theoretical mineral acidity, 


per cent H,Z = 100 
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and Alk A. In the lower group of curves the required lime and 
soda dosages for hot-lime-soda treatment have been added for 
comparison purposes, and the curves illustrate clearly that these 
dosages run more or less parallel to the curves of constituents 
in the upper graphs. The curves pertaining to the Zeo-Karb 
H and Na performance are the two lowest curves in the lower set 
of graphs. The solid line represents the percentage of HZ 
effluent required for maintaining a constant Am of 15 ppm. 
This shows that the maximum variation in the required setting 
would be from about 36 to 44 per cent H:Z to maintain a con- 
stant Am during the entire year. As a further illustration, a 
set of calculations was made to show the effect of failure to 
change the H.Z:NaeZ setting. This is illustrated on the dashed 
curve below the percentage of HZ effluent. This curve shows 
that even if the average H2Z setting of 40 per cent were not 
changed during the entire year, the maximum variations in A», 
would be from 3 ppm to 36 ppm, and the final effluent mixture 
would at no time contain any free acidity. The detailed figures 
on which the curves are based are given in Table 5. 

Chemical Results on Two Typical Waters. A study of the 
analyses of a few typical waters at various stages of treatment 
illustrates the operating results and the costs of treatment for 
the Zeo-Karb H and Na process. For comparison, the results 
are also given in Tables 7 and 8 for hot-lime-soda treatment and 
for distillation on the same waters. These tabulations include 
also final chemical additions required for conditioning the feed- 
water to meet operating requirements as to sulphate-carbonate 
ratio. This involves certain additions of sulphates, phosphates, 
etc., as shown in the respective tabulations. In calculating the 
costs of treatment, three sets of figures are given for Zeo-Karb H 
because of the wide divergence on acid costs depending upon the 
type of acid, the quantities purchased, and the type of container 
in which it is delivered. These acids are represented as follows: 

(a) Standard commercial acid purchased in tank cars by plants 
using large quantities of acid for process. Price delivered about 
$18 per ton = 0.9 cent per lb. 

(b) Cheaper grade sulphuric acid like fertilizer acid, de- 
livered at $12 per ton = 0.6 cent per lb. 

(c) Acid purchased in drums at $30 per ton = 1.5 cents per lb. 

Usually, for high-pressure boilers, phosphate is added to the 
feedwater stream or directly to the boilers, but in either case 
sufficient phosphate is required for precipitating the Ca hardness 
in the condensate returns and in the make-up, and leaving a small 
excess of dissolved phosphate in the boiler salines. Tables 6, 7, 
and 8 do not show the amount of phosphate required for pre- 
cipitating the hardness in the returns, since this phosphate addi- 
tion is independent of the quality of the make-up water. 

However, it is necessary to show the phosphate required to 
provide the excess in solution, since the amount thus required 
depends upon the ratio of the total solids allowable in the boiler 
salines to the total solids in the make-up, in addition to the con- 
centration of excess dissolved phosphate required. Thus, for 
example, with an allowable total solids of 2500 ppm in the boiler 
and a total solids of 100 ppm in the make-up, the concentration 
ratio is 25. If, in this case, it were desired to carry 40 ppm ex- 
cess soluble PO, in the boiler, the amount of soluble excess to be 
added to the make-up would be (40/25) = 1.6 ppm PO, If, 
on the other hand, all other conditions were the same, but the 
total solids of the make-up were 200 ppm, the concentratior ratio 
would be 12.5 and it would be necessary to add (40/12.5) = 3.2 
ppm PQ, to obtain the desired 40 ppm excess PQ, in the boiler 
saline. 

Therefore, in addition to the phosphate for precipitating the 
Ca hardness in the make-up, Tables 6, 7, and 8 show the phosphate 
required for maintaining the soluble excess of 40 ppm PO, usually 
carried in high-pressure boilers, and the calculations are further 
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based on a maximum allowable total solids concentration of 
2500 ppm in these boilers. At the same time, the analyses 
show the same hardness of make-up before and after phosphate 
treatment, because, although the hardness is precipitated, it is 
not removed from solution but is present as a suspension. In 
those cases where the supplemental phosphate treatment is 
carried out in a separate settling tank and the precipitated 
calcium phosphate is removed, the hardness of the final effluent 
is reduced to about 4 ppm. 

Monosodium phosphate (NaH,PO,) has been used in making 
the calculations in these tables; the cost of treatment is not 
appreciably affected by the use of other types of phosphates, but 
there are certain changes in alkalinity and total solids as « 
result of this phosphate treatment. These facts are made clear 
by Table 6. It should be noted, however, that where the phos- 
phate is to be added to the feedwater before it enters the boilers, 
metaphosphate is frequently used because this reacts less rapidly 
with the hardness and therefore reduces the danger of deposits 
in feed lines, stage heaters, and economizers. 

The formulas for calculating the acid and salt consumption on 
Zeo-Karb H and Na treatment per 1000 gal of mixed H and Na 
effluent are as follows: 

For 66 deg Bé sulphuric acid 


A,—A 
lb of acid = a X lb of acid per kilograin 


The lb of acid per kilograin varies from 0.25 to 0.35, according 
to the composition of the water. For calculating the salt con- 
sumption 


TH 
Ib of salt = 171 X 0.45 Ib salt per kilograin 
: X per cent Na,Z effluent 


The formulas for calculating the lime and soda dosage per 1000 
gal are 


Alk A + Mg 


lb of hydrate of lime = 160 


Ib of soda ash = 


In the foregoing formulas, all constituents are expressed in parts 
per million (ppm) as CaCQs. 

The calculations for two typical waters follow. In the case 
of Table 8 it will be noted that the raw water contains some 
sodium alkalinity; accordingly, when hot-lime treatment. is 
applied, it is first necessary to pretreat the water with H,SO, 
so as to reduce the sodium alkalinity in order to provide the de- 
sired sulphate-carbonate ratio in the final effluent. 


Zpo-KARB IN THE NAoZ CYcLe 


As stated previously, the fundamental operating principles of 
Zeo-Karb Na (NaZ cycle) are similar to those of any of the 
hitherto known zeolites operating on this same cycle. But here 
again this material presents certain distinct advantages over 
previous materials, and some of these advantages are of particu- 
lar interest in the high-pressure-boiler field. 

Nonsiliceous Composition. In the first place, Zeo-Karb i= 
practically nonsiliceous. More recently there has been in- 
creased interest in the presence of silica (SiO) in the feedwater, 
especially in view of the fact that in certain cases the presence 
of SiO, seems to contribute to the formation of very dense and 
tenacious scales which, although very thin, may cause difficulties 
due to their strong insulating effect. In several cases where 
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other considerations made it advisable to use zeolites operating 
on the NaeZ cycle, users have hitherto hesitated because of the 
fear of possible increase in the SiO, content upon passage through 
the siliceous-zeolite bed. For such cases, Zeo-Karb Na offers 
the solution in that it makes it possible to apply this form of 
treatment without fear of silica increase in those plants where 
conditions make Na»Z the preferred method of treatment from 
other points of view. 

This is further emphasized by the recent tendency to pre- 
treat waters by special methods for reducing the SiO, content to 
a minimum. The low silica effluent from such a process being 
“hungry” for SiO, has a greater tendency to attack siliceous com- 
pounds, which makes it all the more necessary to have a non- 
siliceous zeolite bed to follow the pretreatment. 

Resistant to Aggressive Attack. Since Zeo-Karb shows no signs 
of attack even by fairly strong acid solutions, there is no danger 
whatsoever of its being attacked by waters of low pH value 
which may be aggressive to other types of zeolites. This is 
particularly advantageous when treating the more aggressive 
waters which are relatively low in hardness as well as in pH 
value. 

High Capacity and Flow Rates. This material in the NaoZ 
cycle has a capacity of 5 to 9 kilograins of hardness (expressed 
as CaCOs) removed between regenerations per cubic foot of zeolite 
(1 kilograin = 1000 grains), depending upon the particular con- 
ditions under which it is employed. Furthermore, being a 
material of fairly large grain size and having the characteristic 
of reacting very rapidly, it can be utilized at high flow rates; 
peaks of 7 gpm per sq ft can be handled without difficulty. This 
combination of high capacity and high flow rate makes it possible 
to obtain large volumes of treated water from relatively small 
units with small losses of pressure. 


OrHER WaTER-CONDITIONING APPLICATIONS FOR THE 
CYCLE 

It is of interest to mention here some of the other fields in 

which the ability of Zeo-Karb H to eliminate hardness and simul- 
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taneously reduce alkalinity and total solids is particularly ad- 
vantageous. These fields include ice manufacturing, treatment 
of circulating water in cooling systems, preparation of certain 
beverages and some steps in brewing, leather and paper manu- 
facturing, certain classes of dyeing, some types of metal plating, 
neutralization of lime-treated waters, and the treatment of 
municipal water supplies in cases where the alkalinity is very 
high. 

There are « great number of miscellaneous industrial applica- 
tions in which distilled water is being used at very high cost. 
Where the salts present in the raw water are primarily bicarbon- 
ates, Zeo-Karb H offers a means of providing an effluent that is 
practically free from salts as exemplified by the composition of 
the effluent in the case of treating Great Lakes water which was 
described previously. Since the cost of distillation in such small 
industrial applications is extremely high per unit volume of 
water, the probable economies in this field are great. 

Although the research and development work involved in 
perfecting this new material and process has taken several years, 
it has been considered advisable to withhold public announce- 
ment until there was an opportunity to observe a number of 
large-scale installations in actual operation over a substantial 
period. Within the past two years more than 20 installations 
have been made, using this material in widely scattered locations. 
Some of these operate on the H.Z eycle, some on the NaeZ cycle, 
and some comprise units operating on both cycles as illustrated 
in Fig. 1. The capacities vary widely from an ice plant treat- 
ing 5000 lb per hr to a large steam plant treating 2,000,000 lb per 
hr for high-pressure-boiler feedwater. 

These actual large-scale installations were made only after 
about a year’s testing on eight experimental plants installed 
at widely distributed points throughout the country. The 
promise of satisfactory performance given by these experimental 
units was the basis for the large-scale installations. Indications 
are that the good performance of the large installations con- 
firms the soundness of conclusions based on the experimental 
plant performances. 
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Quantitative Analysis of Process Lags 


By C. E. MASON,' FOXBORO, MASS. 


The author urges the need for a development of a con- 
tinuous-process technology resting on quantitative rather 
than qualitative foundations. He suggests definitions of 
some of the qualitative terms currently employed in the 
description of process lag and explains that such generally 
descriptive terms are not indispensable in process analysis. 

To illustrate the quantitative approach, the author de- 
rives integrable equations describing the behavior of some 
elementary thermal systems, and interprets the solutions 
as the result of definite operations performed on these sys- 
tems, particular effort being taken to include detailed 
steps in the mathematical developments. 

One type of lag is shown to be expressible, as such, di- 
rectly in units of time. It is explained that the more gen- 
eral types of lag are best embodied in the structure of a 
differential equation; while the conventional “‘time con- 
stant’’ is shown to have meaning only for a restricted class 
of systems. 

A method is suggested for the concrete representation of 
industrial processes by the easily visualized and compara- 
ble form of liquid-level systems. By way of exemplifica- 
tion of this method, such liquid-level equivalents are given 
for the previously considered thermal processes. 

Gradual development of theorems, guided by quantita- 
tive mathematical methods, is held as the only sure road 
to a practical science. 


ITH THE present-day rapid progress in industrial proc- 

esses, due to efforts to perfect continuous automatic 

operation there has existed for some time an economic 
need for a practical and rational science of automatic control. 

In order for such a science to be formulated into practical 
methods for industrial engineering use, it must be reducible to 
quantitative analysis. 

It is the author’s opinion that a great amount of complexity 
and hopeless confusion may arise in efforts to rationalize auto- 
matic-control theory, unless some generally practical method of 
process analysis can be decided upon, which will permit the ex- 
pression of the important process characteristics in simplified 
mathematical equations. 

The author proposes to suggest process analogies for heat trans- 
fer, based on liquid-level problems produced by having capacities 
of various size and arrangement, interconnected by linear re- 
sistance to liquid flow. 


1 Chief Technical Engineer, The Foxboro Company. Mr. Mason 
was graduated from Marietta College in 1917. After service, during 
the World War, as a pursuit pilot in the U. 8S. Army Air Service, he 
was first employed as chemist by The Eagle Gasoline Co. of Tulsa, 
Oklahoma. From 1920 to 1925 he practiced consulting engineering 
in Tulsa. In 1926 he became permanently associated with The Fox- 
boro Co. and since that time has been engaged in research and de- 
velopment pertaining to the design and operation of automatic-con- 
trol equipment. 

Contributed by the Process Industries Division for presentation at 
the Semi-Annual Meeting to be held in St. Louis, Mo., June 20-24, 
1938, of Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until July 11, 1938, for publication at a later date. Discussion re- 
ceived after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


The linear relationships of flow permit the development of 
linear homogeneous equations with constant coefficients in which 
levels or flows may be the dependent variables and time the 
independent variable. 

The order of these equations is always equal to the number of 
capacities necessary to represent the desired process. The coef- 
ficients of these equations are numerically expressible in terms of 
the various capacities and resistances. 

Knowing the initial boundary conditions, the integration of 
these equations makes possible the actual plotting of the depend- 
ent variable against time, following any known disturbance. Thus 
actual calculations are permitted, which exclude the errors and 
confusion so easily encountered in qualitative deductive reason- 
ing. 

The manipulation of these equations, by accepted mathematical 
procedures, reveals many important relationships between the 
various process characteristics. These relationships give a sur- 
prising insight into the actual nature of the complications, com- 
monly referred to as lags, which are encountered in the manual or 
automatic control of these processes. 

In order to establish sound basic principles and to prove that 
the mathematics also expresses quantitatively the simpler char- 
acteristics evident from deductive reasoning, this paper will deal 
with simple indisputable processes. By similar procedure equa- 
tions may also be developed for processes containing additional 
capacities and resistances, thus producing a stage of complexity 
with which it is far beyond the ability of the human mind to 
cope without mathematical assistance. 

Many of the conclusions reached by the manipulation of thses 
higher-order equations afford further insight into possible theo- 
ries. These theories become a tremendous aid in developing 
practical rules and, due to the mathematical nature of their 
origin, they are able to extend the field of deductive reasoning 
with more assurance that no factors of the original premises have 
been overlooked. 

At a later time the author hopes to present papers devoted to 
analyzing graphical or pictorial representations of various capaci- 
ties and resistances constituting certain typical processes. These 
analyses will readily show that certain processes, apparently 
representable only by equations of higher order, are essentially 
equivalent to simpler processes represented by equations of 
lower order. Results of actual calculations of some higher-order 
equations will be given to substantiate the conclusions suggested 
by the graphical representation. 

The author has used this method of process representation for 
a number of years in various lines of control research, but has not 
seriously investigated its possibilities from a standpoint of de- 
veloping an applied science of automatic control for industrial 
use. 
This work is presented with the hope that the quantitative 
analyses made possible by the method employed may open up 
the way to more enlightened attacks upon the intricacies of the 
general problem. It seems highly possible that modern engineer- 
ing mathematics, as exemplified by the operational calculus and 
certain phases of dimensional analysis, may be instrumental in 
developing automatic control into an applied science. 


DEFINITIONS 


One universal property of every conceivable industrial process 
is the ability of various parts of the process to absorb or store up 
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energy. It therefore seems reasonable to define this property of 
various parts of the process as their “capacity.” 

It is evident that whenever the absorption of energy occurs in 
any part of a process, there must be some resistance to the flow 
of energy from this part of the process; otherwise the storage of 
energy would be impossible regardless of the amount of energy 
supplied. Thus with each capacity there is always associated at 
least one “resistance.’”’ These associated resistances are not 
always apparent but basic analysis will always show them to 
exist and to be an important factor in rationalizing process 
characterisics. 

Process lags which are a result of combinations of these capaci- 
ties and resistances may be defined in general as “The retardation 
or delay in the value or condition of a process variable with re- 
spect to the immediate condition of another variable to which it 
is closely related.’’? 

In our general analysis we have been forced to recognize at 
least three types or classes of process lags. These lags are most 
clearly manifested in the behavior of certain process variables 
subsequent to known instantaneous changes in other related vari- 
ables. Such behavior can be made completely descriptive of the 
over-all characteristics of the process involved. At least in this 
connection and for the present purposes, these lags may be de- 
fined as follows: 

1 Capacity Lag is a retardation (not a delay) of the condition 
of a given process variable, following an instantaneous change in 
some related variable, and results from the ability of the immedi- 
ate part of the process to absorb or store up energy. 

2 Transfer Lag is a retardation (not a delay) of the condition 
of a given process variable following an instantaneous change in 
some related variable, resulting from resistance offered to the 
flow of energy between two or more reasonably isolated capacities 
of the process. 

3 Distance-Velocity Lag is a direct delay or postponement of 
the beginning of a change in a given process variable, following 
an instantaneous change in a related variable at some other point 
in the process, resulting from any characteristic of the mechanical 
embodiment of the process which requires time to conduct the 
effect of the change to a part of the process whence it may affect 
the given variable. 

These definitions are purely qualitative and are not essentia! 
to a strictly mathematical development of process theory. They 
have been given only as an interpretation of the terms as pre- 
viously used by the author and in an effort to clarify the lag 
classification indicated by later developments. 

In a limited sense capacity lag may be asssociated with a 
“time constant” which is explained later. In the general sense, 
however, the retardation, which has been described as capacity 
lag, cannot be defined quantitatively by any simpler means than 
by a differential equation of the first order. 

Transfer lag cannot be associated with a similar time constant. 
Since by definition a process possessing transfer lag must con- 
sist of at least two capacities, the retardation cannot be defined 
quantitatively except by a differential equation of at least the 
second order. 

Distance-velocity lag is the only type of lag expressible quanti- 
tatively in time units. It might therefore have been called “time 
lag” except for the possibility of confusion arising from the fact 
that this term has previously been used to denote process lags in 
general. 


Capacity Lac 


The foregoing definitions have been concerned principally with 
processes in general. As mentioned in the introduction, it is 


2 The definition was developed from the definition of lag in Web- 
ster’s New International Dictionary. 
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proposed to show the usefulness of the liquid-level concept in 
general process analysis. In order to demonstrate the universality 
of these liquid-level analogies, it will probably be desirable to 
first analyze, independently of any analogy, a few simple thermal 
processes. 


The development of equations for these simple processes will 
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Fig. 2 


be of an elementary nature to practicing mathematicians, but 
the writer requests appreciation of the fact that previous abstract 
mathematical methods have apparently not sufficed to arouse 
the necessary interest among experienced practical engineers to 
cooperate in developing a practical science of autematic control. 
In this connection it seems essential to definitely avoid indetermi- 
nate arbitrary constants and the attendant indefiniteness which 
would otherwise be encountered. The introductory material 
especially will adhere to this procedure. 

The important characteristics of capacity lag as it applies to 
heating problems are more clearly illustrated by analysis of proc- 
esses represented by Figs. 1 and 2, the details of which will 
evolve in the specific descriptions of problems and in the following 
nomenclature: 


A, heat capacity of that part of the process in which the tem- 
perature is being considered, expressible as the number 
of Btu necessary to raise the temperature 1 deg F. 
This can be considered as the product of the specific heat 
of the material being heated times its mass, provided that 
the range of temperature is such that the specific heat: 
remain constant 

T, = temperature existing in capacity A,, deg F 

Q, = heat flow leaving A, Btu per min. (In the case of Fig. 
2, this is heat conducted by a medium and is determined 
above zero F) 

T,, = potential temperature,’ deg F, defined as the final or 
limiting value of the temperature 7, for a given set of 
unchanging conditions 

Qo = basic heat supply entering A,, Btu per min. (This is 
heat conducted by a medium and is determined above 
zero F) 

Q, = auxiliary heat supply, Btu per min 

To = basic temperature, deg F, defined as the potential tem- 
perature 7’, when the auxiliary heat supply is zero 

R. = resistance factor affecting the flow of heat from the capac- 

3‘*Theoretical Foundations of the Automatic Control of Tempera- 

ture,” by A. Ivanoff, Journal of the Institute of Fuel, vol. 7, no. 33, 

Feb., 1933, p. 117. 
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ity A,. This factor may be considered a constant and 
may be defined in general as follows: 
(a) The ratio of any value of 7. to the corresponding 
value of Qo 
From this definition we may develop the following 
equivalent expressions for Ra which apply when heat is con- 
ducted by a medium 
(b) The value of the difference between the potential 
temperature 7’, and the basic temperature 7» when the 
auxiliary heat supply Q, is 1 Btu per min 
(c) The value of the reciprocal of the product of the flow 
in lb per min of conducting medium multiplied by its 
specific heat. It is again assumed that the range of tem- 
perature is such that specific heat is constant, and also 
that the flow of conducting medium remains constant.‘ 
t = time in minutes measured after a change is imposed on 
the process 
T,', T,” = first time derivative, second time derivative of T,. 
Similar notation is used for other variables 
To, T'4o’ = initial values of T,, T,’, or their values when ¢ = 0. 
Similar notation is used for other variables 
e = base of natural logarithms . 


Fig. 1 is a purely diagrammatic and theoretical process repre- 
sentation used to illustrate the simplest basic characteristic of 
capacity lag. Here there would be no loss of generality in assum- 
ing that the basic temperature is always zero, JT) = Qo = 0, and 
to avoid confusion, the following preliminary analysis is based 
on this assumption. 

If it is assumed that the inflow of heat equals the outflow of 
heat, Q, = Q,, then the value of 7, is constant; i.e., its rate of 
change is zero. 

If an instantaneous change is made in the quantity of the heat 
inflow, 7, immediately assumes some definite rate of change. 
The value of the rate of change of 7, is expressed by 7',’ as 


Note that the value of 7,’ may be positive or negative depend- 
ing on whether the new value of Q, is greater or less than that of 
Q.. 

If a special case is assumed wherein changes in 7, do not affect 
the quantity of heat outflow, and the quantity Q, remains con- 
stant, the rate of change of T, becomes constant. Therefore, in 
such a special case, the value of T,, at any time after the change 
in Q, is expressed by the simple equation 


= Tea + Tall....... 


In any actual process the quantity of Q, will vary with the 
value of 7',, and thus the rate of change of 7’, becomes a variable 
which is maximum in the beginning and approaches zero as 7’, 
approaches 7’,, its limiting value for the condition. Under these 
conditions the value of 7’,’ is also expressed by Equation [1], but 
T,, cannot be similarly expressed by the same simple solution of 
Equation [1] because Q, is now a variable. Since both 7’, and Q, 
are variables one must be expressed in terms of the other before 
a solution can be effected. 

Since by definition R, = T,/Q,,Q, = 7,/R,, and Equation [1] 
may be written 


‘ For any balanced condition T, = 7, and the corresponding value 
of Qa is (Qo + Q,). Therefore (a) gives Ra = Tp/(Qo + Q,), and it 
follows that: 


Tp = Ra(Qo + Qs) 


a this result and the definition of 7, we also have JT) = 
Qo. 
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T,! = 


From the footnote‘ and the assumption that Qo = 0, it follows 
that T, = R,Q,. After substituting and rearranging, Equation 
[3] becomes 


Now since 7’, is a constant, Equation [4] may be written as 
AR, (7. — + — Tp) ... [5] 
The integration of this differential equation is (see Appendix 1) 
(6) 


The value of the constant of integration C, may be determined 
by solving Equation {6] under the condition ¢ = 0. Thus (7, — 
T,)o = C,e~° or 


Substituting this expression in Equation [6] 
which may also be conveniently written as 


This equation applies, in the case of this simple process, ir- 
respective of the behavior of the variable 7, prior to the time of 
the change. 

The numerical determination of the quantity T, — T, for all 
values of time is greatly simplified by plotting Equation [8] on 
semilogarithmic paper. If time be represented by the uniform 
scale and the values of T, — T, by the logarithmic scale, then 
the plot becomes a straight line drawn between the value of 
(T, — T,)o at t = 0 and another point corresponding to any 
single calculated value of (T, — T,)oe~‘'/42%2*, The use of 
three-cycle semilogarithmic paper is convenient for such plotting. 

For a numerical example, consider case I, in which 

A, = 25 Btu perdeg F. Assume further that T, = 100 F when 
Q, = 400 Btu per min; thus 


T, _ 100 4, 
Q, 400 Btu per min 
Hence 
1 1 
A.R, 25 
and Equation [8] becomes 


Suppose now that 7, were 80 F and Q, were changed from any 
value which it might have had to a constant value of 500 Btu per 
min. This would give to 7, a constant value of 125 F since T, = 
R,Q,, and would give for Equation [10] 


T, — 125 = (80 — (11] 
or 
195 = [12] 


When ¢ is equal to zero, Equation [12] gives T, — 125 = —45. 
When ¢ is 20 min, for example, we obtain T, — 125 = —45 X 


. 
a 
A, 
a Multiplying numerator and denominator by R, this becomes ee 
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Aq~= 50 
Qa 
0.25 
7 Case II 
(Curve from (6) of Fig. 3.) 
Tao 05101520 30 40 
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Ra 
Fie. 9 Case lV 
(Curve from (d) of Fig. 3.) 
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Ap\/é 
Qa | a, 
Rq=0125 Rp=0.25 
Qo 
Fig. 11 Case VI 
(Curve from (a) plus (6) of Fig. 5.) 
0.0408 = —-1.836 deg. Drawn directly from these data, curve a 


of Fig. 3 gives all values of 7’, — 125 between zero and 38 min. 

It is interesting to note that 7, —- 125 becomes one tenth of 
its original value, or —4.5 F, in 14.5 min, one hundredth of its 
original value, or —0.45 F, in twice that time, one thousandth in 
three times as long, and so on. Thus 7’, — 125 approaches, 
although theoretically never attains, its limiting value of zero, 
while 7, approaches 125 F. 

The curves b and ¢ of Fig. 3, cases II and III, represent the 
values of 7., — 125 over a period of time when A, is 50 and 5 Btu 
per deg F, respectively. It may be seen that the time required 
for the value of 7, — 125 to attain any given percentage of its 
initial value is directly proportional to the quantity A,. This 
same relationship applies no matter what constant value be 
given to Q,. 

Now considering case IV in which again A, = 25 Btu per deg F, 
and the original value of 7, = 80 F, but the value of Q,, instead 
of being changed to 500 Btu per min, is changed to 360 Btu per 
min, then 7, = 90 F and C, = 80 — 90 = —10 F. Curve d of 
Fig. 3 represents this case, and exhibits the interesting fact that 
the curves for equal values of A, are parallel on semilogarithmic 
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Fig. 12 Case VI 
(Curve (a) from curves (a) plus (5) of Fig. 5.) 
paper. Every operation of the sort described, when performed 


on this particular process, would be represented by parallel lines 
having different origins depending on the various original values of 
T, — T, or (1, —T,)o. When such parallel lines on semiloga- 
rithmic paper are plotted with rectangular coordinates, they are 
sections of one general curve. Thus the curve shown in Fig. 9 
is in reality a section of the curve shown in Fig. 6. This is due, 
in this particular case, to the identity of the processes considered. 

Fig. 2 represents a somewhat more concrete illustration of these 
principles. It consists in heating (by means of an electric heating 
coil) a constant flow of water entering and leaving a vessel. Here 
a basie supply of heat Qo is introduced by the water entering the 
system and an auxiliary supply of heat Q, is added by the coil. 

In order to avoid additional complication it will be assumed 
that radiation to atmosphere is negligible, that agitation is per- 
fect, and that the heating coil has negligible capacity and per- 
fect thermal conductivity. The process then can be represented 
by an equation similar to those previously used. The equation 
in this case, however, will involve an actual basic heat flow Qo 
which is the amount of heat per minute entering with the water. 
From the original definitions and quite similar deductions 
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T,' = [13] 


From footnote 4, 7, = R, (Q, + Qo) and thus in a manner 
similar to that of the previous development 


A.R,(T, — T,)' + = 0.... .. [5] 
Integrating this equation 


For a specific example, case V, suppose that the vessel holds 
50 Ib of water. This gives 


A, = specific heat X mass = 50 Btu per deg F 
If the quantity of water entering the vessel is 8 lb per min, 
then by definition (c) R, = 1/(8 X 1) = 0.125 deg F per Btu 
per min, and 
1 


t = 16% 


If the temperature of the water 7) entering the vessel is 60 F, 
then by footnote 4, 7, = 60 + 0.125 Q,. Let T, be 80 F as 
before, and allow Q, to be changed from any value it might have 
had to the constant value of 520 Btu per min. Then 7, = 60 
+ 65 = 125 deg, and hence Equation [8] becomes 

T, — 125 = (80 — 125)e-°.- 
or 
T, = 125—45 (12) 


which again is represented by curve (a) of Fig. 3. The identity 
of these curves, both on semilogarithmic paper and in Figs. 6 
and 10, is due to the equivalence of the quantity A,R, for the 
two equations irrespective of the dissimilarity of the processes. 

The general conclusions arrived at in the treatment of Fig. 1 
apply as well to the practical problem of Fig. 2, but it is impera- 
tive that the values of 7 and Qy be considered in the determina- 
tion of the value of 7’. 


TimE ConsTANT 


The plots representing the results of operations on the processes 
represented by Figs. 1 and 2 have all been straight lines on 
semilogarithmic paper. This has been due to the fact that the 
processes so far considered have consisted of single capacities. 

The presence of a single exponential in Equation [8] permits 
solving explicitly for ¢t itself. The development is as follows: 

Dividing both sides of this equation by (T, — T,,)o and taking 
the natural logarithm 


T,—T 
t = —A,R, | | | 
E (T. —T,)e 
Since log, (1/a) = — log, a 

= ——|........... 16 
t= AR, E T,—T, [16] 

or, in terms of logarithms to the base 10 

T,—T 

t= | 2.300 logio Toe) [17] 


The form of this expression permits the consideration of the 
factor A,R, as a time constant since it is this factor which 
determines the time required for a change in temperature to attain 
any given per cent of its final value. Thus, as an interesting ex- 
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ample, A,R, is equal to the time required for a change to attain 
approximately 63 per cent of its final value. In later develop- 
ments, concerning multiple-capacity processes, it will appear 
that such explicit equations cannot be written. Thus in multiple- 
capacity processes the term time constant becomes devoid of 
meaning. 
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Fig. 4 represents a somewhat more complicated process in 
which heat being supplied by the electric coil to the water in the 
inner vessel A, is conducted through the walls of the inner vessel 
and raises the temperature of the water flowing through the outer 
vessel A,. The temperature being considered is the temperature 
in the outer vessel. 

To the nomenclature employed under capacity lag must now 
be added the following: 


A, = heat capacity of the inner vessel, Btu per deg F. This 
is numerically equal to the mass of water contained in 
this vessel multiplied by its specific heat 

Q, = flow of heat from A, into A,, Btu per min 

T, = temperature in A,, deg F 

R, = ratio of the temperature drop between A, and A, to 
the coincident flow of heat between A, and A,, deg F per 
Btu per min. Thus, R, = (7, — 7,)/Q, 


By entirely similar deduction 


T,' = [18] 
T= (19) 
By definition (a) of R, 
T, = (20) 
By definition of R, 
T, = T, + 
Combining Equations [20] and [21] 
T, = RQ. + RQ,..... [22] 
Differentiating [20] and [22] 


Equating the values of 7,’ as given by Equations [18] and 
[23], and simplifying 


A,R,Q,' = Q + Qo — 


Equating the values of 7,’ as given by Equations [19] and 
[24], and simplifying 


[25] 


A,RQ.’ + ARQ,’ = Q,—%..--- [26] 
From Equation [25] 
= (Q. — Q) + (27) 
Differentiating Equation [27] 
Qs’ = — Q)' + (27a) 


Substituting Equations [27] and [27a] in (26) 


+ Qo)’ + A,R,A,R,Q,” = 
Q. — (Q.— — [28] 


Collecting terms and rearranging 
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A RA RQ." (A,R, A,R, + A,R,)Q,’ + Q. Qo 
Q, + [29] 


If the flows Qo and Q, are maintained constant during any 
period under consideration, then for that period Qo’ = 0, and 
Equation [29] becomes 


RQ,” + (A oft, +A +A Q,’ + — Q,) 


Multiplying Equation [30] by R,, we have, by virtue of Equa- 
tion [20] 
—R,(Q+Q,) =0........ (31) 


Since by the footnote 4, 7, = R,(Qo + Q,), and since T) is a 
constant, Equation [31] may be written 


A R.A R(T. — Tr)” + + + A,R,) (T. — 
+ = 0....... [32] 
The integration of Equation [32] gives (see Appendix 2) 


In this equation k, and k, are the two roots of the auxiliary 
quadratic equation of Equation [32], the derivation of which is 
explained in Appendix 2. 

If the coefficients of Equation |32) are written as 


A; = (A,R,A,R,) and A; = (A,R, + A,R, + [34] 


then the roots of the auxiliary quadratic equation are 


A, 1 

2A, (2) ene [35 | 
A 1 


The constants of integration C, and C, in Equation [33] are 
obtained by letting ¢ = 0 in Equation [33] and in the first deriva- 
tive of Equation [33]. The resulting simultaneous equations 
may be solved for the unknowns C,, and C,. Such a solution gives 
the following values 


Teo’ — k, (T, — 


C, = 
ky — ke 


= (T, — T,)o— . [39] 

These constants of integration, compared to those for the 
single-capacity process, are complicated not only by the inclusion 
of the roots of the auxiliary equation but also of the rates of 
change of 7, immediately following the change imposed on 
the process; that is, they involve the rate of change of 7, when 
t= 0. The value of 70’ can be determined from Equation [18] 
but care must be taken to determine if the change imposed on 
the process immediately affects the quantity Q, + Qo — Q,. 
Changes in Q,, for example, do not immediately affect 7,’ and 
if the process had been in balance, To’ = 0. 

Case VI, which is a numerical example involving the equations 
developed for two-capacity processes, may now be considered. 


$ The roots ky and kg of the auxiliary equation will always be 
negative since the coefficients of the equation are all of the same 
sign. It can also be shown, for the cases dealt with in process 
analysis, that the expression (A:/2A2)? — 1/A: is always positive, 
giving real roots. Furthermore, the absolute value of ky is always 
greater than that of kg. 
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Assume, in the process of Fig. 4, that vessel A, contains 32 Ib 
of water and vessel A, contains 16 lb of water, thus 


A, = 32 Btu per deg F, or specific heat mass 
A, = 16 Btu per deg F, or specific heat < mass 


If the quantity of water entering the vessel A, is 8 lb per min 
then R, = 0.125 deg F per Btu per min, and if the conductivity 
of the walls of the inner vessel is such that a’ temperature dif- 
ference of 1 F (7, — T, = 1) will produce a heat flow Q, of 4 
Btu per min, then R, = 0.25 deg F per Btu per min. 

If in this case the temperature of the water entering the vessel 
A, is 60 F, then from footnote 4, T,, = 60 + 0.125 Q,. 

Suppose that the process was in balance with Q, equal to 160 
Btu per min and that Q, is instantly changed to 520 Btu per min. 
Thus, 7’, has an initial value of 80 F and T,, will have a value of 
60 + 0.125 X 520 = 125 F. 

Substituting these data in Equation [32] 


16 (T, — 125)" + 10(7, — 125)’ + (T, — 125) = 0... [40] 


Integrating and solving for the roots of the auxiliary equation 
and the constants of integration, the following equation is ob- 
tained, which expresses the behavior of T, following the proposed 
change 

T, — 125 = 15e-°-* — 60e—9-125 [41] 


a 


Again plotting on semilogarithmic paper, the two straight lines 
representing separately the exponential terms makes it possible 
to determine the actual values of 7, for any time following the 
change by adding algebraically the values for corresponding 
times. These exponential curves are shown as (a) and (b) in 
Fig. 5, together with their algebraic sum. The plot of 7’, against 
time is shown by curve (a) Fig. 12. 

Since the equation of a process, which should be considered 
as having two or more capacities, cannot have equal roots, the 
algebraic sum of the exponential curves representing the process 
on semilogarithmic paper will be found to be a curved line. This 
characteristic illustrates one of the distinctions between transfer 
lag and capacity lag as they apply to process analysis. 

Curve (0) of Fig. 12 represents the behavior of T, if instead of 
changing Q, it is held at its original value of 160 Btu per min, 
and the temperature of the water entering A, is instantly changed 
from 60 to 105 F. This change gives the same value for T,,. Thus 
Equation [40] again applies, but the behavior of 7, is quite 
different due to the fact that the change produced in Qo immedi- 
ately affects the rate of change of 7,. The initial rate of change 
of T,, for this condition, is +11.25 deg per min. This condition 
causes both constants of integration to become negative and thus 
there is no reversal in curvature of the plot representing the be- 
havior of 7',. This characteristic results in curve (6) of Fig. 12 
appearing quite similar to curves representing single-capacity 
processes, which do not involve transfer lag. 

The dotted curve (c) of Fig. 12 is shown as a reference curve 
and represents either of the above changes imposed on a single- 
capacity process having equivalent energy storage but, of course 
no transfer lag. 


Liquip-LEVEL ANALOGY 


The previous development and examples have, for concreteness, 
been concerned with some specific thermal processes. It is ob- 
vious that there could have been chosen as well any type of 
system whatever which obeyed the equations encountered, and 
that it would be an enormous convenience, for comparative 
analysis of processes, if all types of processes could be represented 
in some simple standard form. The need for simplification of this 
sort becomes clearly apparent when more complicated processes 
are considered. 
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Liquid-level concepts are within the scope of everyone’s 
visualization and lend themselves readily to graphic representa- 
tion and generalization. For a number of years the author has 
found liquid-level analogy useful and practical in other phases 
of control research and, therefore, wishes to suggest it to the 
Committee on Industrial Instruments and Regulators as a basis 
on which to formulate a practicable applied science. 

The analogy will be best demonstrated by showing how it may 
be applied to the thermal problems previously considered. 

If the storage of thermal energy is represented by cylindrical 
tanks, their cross-sectional areas become analogous to capacities, 
as originally defined, and the heights of water levels become 
analogous to temperatures. If flows of water are made to corre- 
spond to heat flows, analogy is obtained between resistance to 
the flow of water and the thermal resistance factors when both are 
assumed linear. 

Diagrammatically represented in Figs. 6 to 11 are the liquid- 
level analogs of the several cases of thermal processes hereto- 
fore considered. Plotted with each figure, through the range of 
(T, — T,)o for the particular problem, is a curve representing 
the behavior of 7, with respect to time. 

In these analogies water is considered to enter the tanks as the 
flows Q, and Q> and to leave the system through resistance R, 
as the flow Q,. For the sake of comparison, the widths of tanks, 
as drawn, are made proportional to their areas and thus to the 
thermal capacities. Likewise, the lengths of the shaded seg- 
ments, which represent flow resistances in the conductors, are 
made proportional to the various thermal resistances, and heights 
of water levels above the base line are made proportional to tem- 
peratures in deg F. 

The analysis of these liquid-level examples results in equations 
identical to those obtained for the thermal processes. The 
diagrammatic representations of the various cases have the ad- 
vantage of showing the magnitudes as well as the relationships 
of capacities, resistances, flows, and temperatures, all of which 
govern the lag characteristics of the processes. Such representa- 
tions materially assist in developing simplified equations of proc- 
esses which are complicated by the addition of more capacities 
and resistances in peculiar relationship to each other. 


CONCLUSION 


In conclusion the author wishes to emphasize the fact that 
mathematical equations of automatic-control instruments can 
be expressions only of their mechanical functions in terms of the 
controlled variable. Such equations are changed completely 
when instruments are applied to processes. These new equations, 
although mathematically correct, will not be solvable unless the 
physical laws governing the process are definitely known and ex- 
pressible in terms of the same variables. 

This paper has little more than developed a few simple process 
equations and introduced a method which seems practical for 
simplifying such equations. The possibilities of interpreting the 
equations thus far developed, in order to analyze the characteristic 
reactions of processes under a variety of operations, are almost 
unlimited. Such analyses are invaluable in improving our prac- 
tical knowledge of such processes and may thus render assistance 
in the rough formulation of practical theorems. It is safe to say 
that every reasonably different interpretation will throw some 
surprisingly new light on a particular aspect of the general 
problem. 
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Appendix 
1 To solve, or integrate, the differential equation 
—T,)’ + (T,—T,) =0.......... [5] 
Make the trial substitution 7, — 7, = Ce“, obtaining 


P 


Since will never be zero unless kt = — ©, divide through 
by it, giving 

+ 1 = O0ork =k, = —1/A,R,........ {43 | 


Substituting this value in the original substitution 
Where C, is a constant to be determined. 
2 To solve, or integrate, the differential equation 


AR. A RAT, — + (Ae + AR, + —T,)’ 
+ (T,—T,) =0........ 


First write this equation as 
A(T, — T,)° + A(T, —T,)’ + (7, —T,) = 0...(4] 
Make the trial substitution 7, — T, = Ce“. This gives 
+ + Ce" = 0............ 


Now since (Ce) will never be zero unless kt = — ©, it is per- 
missible to divide through by it, having then 


From this algebraic equation there follows, by the quadratic 


formula 
A, 


Designating the two separate values of k by k, and k, 


A a. 44 
4420) 


Where the quantities A; and A» are given by Equation (34) of 
the text. 

Since both Ceket and Cetvt satisfy the differential equation, 
the most general solution is given by 


T.—T, = + (33) 


in which C, and C, are constants of integration, the determina- 
tion of which is indicated in the text. 
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Locomotive Axle Testing 


By T. V. BUCKWALTER,! O. J. HORGER,? ano W. C. SANDERS,*? CANTON, OHIO 


The general weakness of axles is within the region of the 
wheel fit near the inside hub face where axle fatigue frac- 
tures occur in service. This paper presents data from 
laboratory fatigue tests of full-size 11'/,-in. diameter 
driving axles to investigate such failures. A description 
and discussion of the suitability of the present design of 
axle-testing machine is submitted to indicate the relia- 
bility of the data obtained from this type of accelerated 
axle test for use in the design of railroad axles. 

These axles show fatigue cracks developing at such low 
nominally calculated bending stresses as 10,500 lb per sq 
in. The propagation of fatigue cracks is considerably 
retarded by rolling the axle wheel seat. Without rolling, 
the axle breaks off in 5°/, million revolutions (20,500 
equivalent miles) at 19,000 lb per sq in., whereas, tested at 
the same stress, a similar axle, except rolled at the wheel 


cracks in the wheel fit of railroad axles in service a program of 

laboratory fatigue tests was initiated on full-size electrie- 
locomotive driving axles having a diameter at the wheel seat of 
11'/. in. This paper is the second one published (1)*5 on large 
axles and is in the form of a progress report covering tests made 
to date which are part of an extended program. While the re- 
sults and conclusions given here are believed reliable, many tests 


I: VIEW of the importance of the development of fatigue 


1 Vice-President, Timken Roller Bearing Company. Mem. 
A.S.M.E. Mr. Buckwalter entered the employ of the Pennsylvania 
Railroad at the Altoona Works in 1900, and after six years of shop 
experience transferred to the motive-power engineering department, 
continuing work on automotive-engineering matters until 1916. He 
developed electric baggage, mail, and express trucks generally used 
at railway terminals throughout the world. He was chief engineer 
of the Timken Roller Bearing Company from 1916 to 1922, and has 
been vice-president since 1923. 

? Research Engineer, Timken Roller Bearing Company. Dr. 
Horger was graduated with a B.S. degree from the Carnegie Institute 
of Technology in 1923. Since October, 1923, he has been employed 
by the Timken Roller, Bearing Company. During this time he 
spent three years in graduate study and research work at the Univer- 
sity of Michigan under Prof. 8S. Timoshenko and received his M.S.E. 
degree in 1934 and Sc.D. degree in 1935. He is now in charge of 
applied-mechanics research. 

’General Manager, Timken Railway Division, Timken Roller 
Bearing Company. Mem. A.S.M.E. Colonel Sanders entered rail- 
road work in 1908 as machinist’s apprentice, Central of Georgia 
Railway, Cedartown, Ga., and later attended Mercer University. 
He was employed as machinist in the Central of Georgia Railway 
shops, Macon, Ga., and Atlantic Coast Line Railroad shops, Way- 
cross, Ga., and then in the mechanical engineer’s office, A.C.L.R.R., 
Wilmington, N.C. He served in France with the heavy artillery and 
Corps of Engineers and was graduated from the French Tractor 
Artillery School. Returning from France, he took a position with 
the equipment engineering department, New York Central Railroad. 
In May, 1923, he became associated with the Timken Roller Bearing 
Company as engineer of railway equipment in connection with de- 
velopment of Timken railway bearings. In 1931, Colonel Sanders 
was commended by the Assistant Secretary of War for his work on 
a general transportation plan for the War Department. He is now 
Lieutenant-Colonel, U. S. Army Reserve Corps, assigned to the 
staff of the Assistant Secretary of War. He isthe author of American 
articles on ‘Ball, Roller, and Sliding Bearings” and ‘Railway Rolling 
Stock” in the fourteenth edition of the Encyclopaedia Britannica. 

‘The numbers in parentheses refer to the Bibliography at the 
end of the paper. 

* The first report was of a preliminary nature as few tests were 
available at that time and is given in reference (1). 


seat, operated 25 times as long (144 million revolutions or 
510,000 equivalent miles) with development of a crack 
7/16 in. deep. 

Rolled axles compared with unrolled axles show little 
improved resistance to the development of incipient 
fatigue cracks as produced by a large number of repetitions 
of low stresses obtained under ordinary railroad operating 
conditions of speed and load. Under prevailing conditions 
of high speeds and load, however, the occasional stresses 
are considerably increased and cause these incipient 
fatigue cracks to propagate to breaking off of the axle. 
In this respect, rolling provides immense increase in re- 
sistance to these high occasional stresses to retard the 
crack propagation, thus giving greater safety. 

A correlation of the 1]1'/:-in. and the 2-in. axle tests is 
given. 


remain unfinished and later findings may necessitate some re- 
visions. 

Few data are published (2, 3) to indicate the seriousness of this 
problem of the development of fatigue cracks in service axles 
under the wheel fits, but the literature contains various researches 
on the subject (4, 5, 6, 7). The cost of preventing axle failures in 
road service requires periodical axle examination. 

It is a practice on many railroads to remove the wheels from 
axles during shopping periods or definite mileage intervals of the 
motive power and rolling stock, and examine the axles for fatigue 
cracks. This examination is also made at the time of wheel 
renewals. Such axle inspections are made using: (a) A vibra- 
tion method which includes cleaning the axle well and then apply- 
ing penetrating oil and wiping it off clean, followed by a coating 
of whiting which shows the presence of a fatigue crack by the 
penetrating oil coming out of the crack on to the whiting when 
the axle is vibrated; and (6) a magnetic method which is more 
sensitive in locating incipient fatigue cracks. The method in 
(6) has resulted in finding a larger percentage of axles with in- 
cipient fatigue cracks. This paper will be confined to fatigue 
cracks developing in the wheel-fit portion of the axle near the 
inside hub face. 

The development of similar axle fatigue cracks in a laboratory 
testing machine will be presented to include a description and 
discussion of the design of the test machine used as well as the 
laboratory axle fractures produced. 


DeEscRIPTION OF AXLE-FATIGUE-TESTING MACHINE 


This machine® with two test axles in position is shown in Fig. 
1. A description of this test machine has been previously pub- 
lished (1), but briefly the design of the machine is symmetrical 
so that two axles may be tested simultaneously as cantilever 


6 Built by Riehle Testing Machine Division of American Machine 
and Metals, Inc., under the direction of A. Sonntag, chief engineer. 

Contributed by the Railroad Division for presentation at the 
Semi-Annual Meeting of THe AMERICAN Society or MECHANICAL 
ENGINEERS, to be held in St. Louis, Mo., June 20-24, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 11, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Fig. 1 Timken Testing MacuHINne ror Locomotive DrivinG AXLES 


beams at the same or different bending stresses, one test axle- 
and-wheel assembly being located at each end of the machine. 
Constant vertical spring load is applied at the journal end of the 
axle opposite the axle end on which the wheel is mounted. 

The entire axle-and-wheel assembly is bolted to the rotating 
flange of the test machine by means of 34 bolts at the rim of the 
wheel. The journal end of the axle protruding beyond the 
pressed-on wheel projects into the hollow bore of the test- 
machine spindle, and there is no contact between spindle and test 
axle-and-wheel assembly except at the bolted rim of the wheel. 

General considerations leading to the use of this type of testing 
machine is given in the following discussion. In case it is found 
desirable at some later date to modify the type of constant loading 
being applied to the test axles the design of the machine was pro- 
vided with sufficient flexibility so that this could be done. 


Ax eE-TEesTING MAcHINE TO SIMULATE SERVICE CONDITIONS 


In order to correlate laboratory axle tests with the results 
from service it would, at first, appear desirable to design such 
a machine so as to duplicate service conditions. This require- 
ment presumes that we know what stress conditions exist in 
axles in service, which condition is unknown. Even if this were 
known, an axle tested in this manner may operate for years 
before failure, just as it does in service. 

Simulating service conditions involves the simultaneous and 
intermittent application of various combinations of large vertical 
and thrust loads to the test axle. Such a construction compli- 
cates the design of the test machine, stresses in the axle become 
too difficult to analyze, mechanical difficulties are encountered for 
continuous 24-hour-day operation, and the initial as well as 
maintenance cost would be extremely high. 

Even if such a machine could be made to operate satisfactorily 
from a mechanical standpoint, the various combinations of 
vertical and thrust loadings necessary to duplicate service condi- 
tions would become too numerous to investigate. The limited 
time available would make it necessary to establish a ratio of 
vertical to thrust forces representing accentuated conditions 
such as exist when a car just turns over as assumed in the Reu- 


leaux formula—as will be shown later, this is the approximate 
condition under which the axles are now being tested. The 
Reuleaux method is intended for use in the design of passenger- 
car and freight-car axles, and the present tests are being made 
on electric-locomotive driving axles. However, the Reuleaux 
loading represents a loading condition which may occur in service 
on electric-locomotive driving axles. 


ACCELERATED AXLE TEST 


From the foregoing it would appear desirable to use some form 
of simple design of test machine to produce an accelerated axle 
test. The axle-testing machine described was designed for this 
purpose and was a result of several years of preliminary work 
consisting of: (a) A study of various designs of test machines, 
and (b) the building of scale-model machines to test 2-in. diame- 
ter axles. The axle failures obtained to date on this type of 
accelerated test lend considerable confidence in the veracity of 
the results when we consider the close correspondence of test and 
service axle failures mentioned later. 


SIMILARITY OF AXLE FAILURES IN TEST AND SERVICE 


This type of accelerated test produces axle fatigue fractures 
which have exceptionally close similarity with axle failures 
developed in road service in that: 


(a) Location and type of fatigue fracture in the wheel seat 
near the inside hub face in test axles are comparable with results 
in service. 

(b) Initial development of a fatigue crack in test axles is 
produced at very low axle bending stress, but does not have ap- 
preciable propagation unless occasional high stresses are produced. 
A similar condition is found in service with ordinary speed equip- 
ment when magnetic examination is made of used axles before 
re-turning for new wheels. 

(c) Axle stresses at which these incipient fatigue cracks in ()) 
propagate to appreciable depth and then to complete fracture of 
the test axle compare favorably with service experience with 
high-speed equipment where higher occasional stresses would be 
experienced. 
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These tests on driving axles which were inaugurated over a 
year ago and are still under way, represent one of the best 
criterions as to the validity of the results obtained from this type 
of accelerated test. Here, actual laboratory tests may be com- 
pared with service experience because definite data are available 
on service axle fractures in addition to track tests (8). 

The introduction of more sensitive methods of detecting 
fatigue cracks in axles as used by some railroads on all used axles 
has resulted in finding a much larger percentage of cracked 
axles than could be detected previous to such methods of examina- 
tion. We understand that such fatigue cracks are even detected 
in axles of freight cars and other slow-speed equipment. These 
cracks are machined off at time of application of new wheels, 
and with some axles it would be necessary to turn below the 
wear limit before the crack would disappear. This inspection 
condition is being mentioned because of the similarity of these 
findings with observations made on axles tested in the labora- 
tory. When axles are examined by means of a microscope after 
long-time tests, cracks can be detected in axles which were 
tested at remarkably low stresses. 


SmmiLariry oF AXLE LoapInG In Test AND SERVICE 
In the original conception of providing an accelerated method 
of test it was considered advisable that the design of a suitable 


i ~THIS WHEEL NOT MOUNTED ON 
‘ AXLE IN LABORATORY TEST. 


TEST MACHINE SPINDLE 
IN LABORATORY TEST. 

F, ACTS HERE IN 
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Fig. 2 RELATIONSHIP BETWEEN AXLE LOADING 1N TEST AND LoapD- 

1inG, UsEp TO CALCULATE STRESSES IN AXLE DESIGN BY REULEAUX 

AND Static Metuops, ror P.R.R. P-5-a Exvecrric-LocomotivE 
DriveER AXLE 


(All loads given on the basis of developing 10,000 lb per sq in. axle bending 
stress at the inside wheel-hub face) 
Values of loads shown in Fig. 2, lb@ 
For laboratory axle ——-For axle-design calculations. 
tests 


Load Reuleaux loading Static loading 
Py 0 40570 83880 
20700 21900 83880 
Ri 20700 60880 83880 
Ra 0 1590 83880 
Py 21560 25070 4190 
F; 0 80 4190 
H 0 24990 0 


2 In laboratory tests, the bolt forces acting on the rim of the wheel may 
be replaced by the equivalent force F; acting as shown in Fig. 2 on both the 
top and bottom of the wheel. For the loading assumed in either design cal- 
culation, a force F; acts on the bottom of the wheel only, the force F: is due 
to the taper (1 in 20) of the outer diameter of the tire, and F; is equal to H 
plus F2, where H is assumed to be zero for static loading and is taken as 0.4 
of the total vertical axle load in the Reuleaux loading. 


testing machine would be based on producing both (a) the same 
value of axle bending stress’ and also (6) obtaining this stress 
with the same bending-moment diagram as obtained by the Reu- 
leaux method. 

Fig. 2 shows the loading required to produce a bending stress 


? Throughout this paper axle bending stress refers to nominally 
calculated bending stress obtained from Fig. 4 where bending stress 
equals bending moment M divided by section modulus Z, where M 
and Z are taken at the inside hub face of the wheel; here M = PL. 
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of 10,000 Ib per sq in. in the axle at inside hub face for three 
conditions, that is, (a) laboratory tests and the two methods most 
commonly used in designing axles, (b) Reuleaux loading, and 
(c) static loading. Particular attention should be given to the 
close agreement of axle forces shown for the laboratory test with 
those assumed in the Reuleaux method. The shape of the 
bending-moment diagram between the wheel seats of the test 
axle shown in Fig. 2 is practically identical to that assumed by 
the Reuleaux method which is employed in the existing design 
of standard outboard axles by the Association of American Rai- 
roads. 

It is unfortunate that in producing the desired bending mo- 
ment in the axle wheel seat as described previously, that this 
design of testing machine penalizes the wheel. Fig. 2 shows that 
a resultant thrust reaction exists at both top and bottom of the 
wheel in test while in service this force is only present on the 
bottom at the rail contact. In this respect the test machine 
subjects the wheel to more severe fatigue stresses than produced 


LINE I-PLAIN SPECIMEN 
WITHOUT PRESS FIT. 


LINE 3 


NA 


REGION C 


AXLE BENDING STRESS AT INSIDE HUB FACE 


AXLE LIFE IN REVOLUTIONS OR EQUIVALENT MILES 


Fic. 3. Diviston or AXLE-AND-WHEEL PreEss-Fit INTO 
THREE ReGions or Stress-LireE COMBINATIONS 


in service, and this axle test should in no manner be considered 
as a criterion for determining wheel strength. The wheel, par- 
ticularly the rim and spokes (or plate), is only part of the test 
machine and not the part being tested. The portion of the 
wheel hub and axle about the wheel seat are considered as the 
assembly being tested. 

This variance in wheel-flange forces between test and service 
conditions does not alter the similarity of the resultant axle 
bending stress at the wheel seat. It does, however, mean that 
in test the crushing and shearing stresses* in the wheel fit of 
the axle are more severe than in service. Complete test data 
are not available to determine exactly how much influence 
this larger crushing and shearing stress has on axle fatigue 
strength. 

From test data available, however, indications are that such 
influence would be small. In any event this accelerated axle 
test gives strength values on the safe side; the results are com- 
parative only between various axle designs or steels, and yet this 
comparison is not based on conditions very far removed from 
those existing in service. 


8 Crushing stresses result at axle wheel fit due to transmitting the 
bending moment and vertical load on the axle through the wheel 
hub. In test these crushing stresses are higher than in service 
because the bending moment is due to vertical loading only; in 
service the combined action of the vertical and thrust forces pro- 
duces lower crushing stresses. The shearing stresses refer to the 
minute slippage of the wheel in the axle fit during each revolution 
of the axle (6). 
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Fic. 4 Detaits or WHEEL-AND-AXLE ASSEMBLY TESTED IN THE FatTiGUE MACHINE 


Various PHASEs OF AXLE FAILURE 


It has been found in the course of the tests made to date that, 
for press-fitted wheel-and-axle assemblies, it is not sufficient to 
determine the usual S-N curve showing the life, in miles or revolu- 
tions, at which the axle breaks off at a given stress and the maxi- 
mum stress below which the axle will not break off. So that the 
reader may better understand the reasons for obtaining more 
than the usual number of data in these tests, a brief explanation 
will be given of the logic followed in the pursuit of this problem. 

Line 1 in Fig. 3 represents the usual S-N curve for an axle 
without a press fit and indicates that the plain axle will not 
break off for conditions of stress and life below this curve. The 
flat portion of this curve corresponds to a stress below which 
the axle will not break off; apparently, this is also the limiting 
stress below which the axle will not crack. In other words, when 
a crack begins in a plain specimen, it will eventually propagate 
to complete failure or breaking off of the axle if the stress is not 
reduced. 

For a press-fitted wheel-and-axle assembly such as that shown 
in Fig. 4, conditions are different than for a plain specimen and 
it is necessary to determine from tests (a) the stress and life 
conditions at which the first fatigue crack develops, (b) the rate 
of propagation of fatigue cracks to the point where the axle breaks 
off, and (c) the conditions under which there occurs the phenome- 
non of formation of fatigue cracks which progress only to a 
certain depth and stop propagating. The interpretation of 
the foregoing is shown graphically in Fig. 3 where the S-N 
curves for press-fitted axles divide the axle life into three re- 
gions, A, B, and C, separated from each other by lines 2 and 3. 
Line 2 represents the fatigue strength of the axle with a press- 
fitted wheel and indicates that the axle will break off before reach- 
ing stress and life combinations above the line which is region A. 
Line 3 also applies to press-fitted assemblies and predicts that 
the fatigue crack will be initiated for stress and life conditions 
just above line 3 but will not propagate to a point where the 
axle breaks off unless the stress is increased above line 2.° 

Summarizing, we therefore have three phases into which the 
axle press-fit problem may be divided as follows: Region A: 

®* H. F. Moore (10) found that incipient fatigue cracks which had 
already developed in plain rotating-beam specimens cut from axles 
did not propagate at bending stresses of about 50 per cent of the 
endurance limit of the virgin material. These results may help to 
explain the phenomenon of initiation of fatigue cracks which do not 
propagate in the hub fit of press-fitted axles because the stresses 


represented below line 2 shown in Fig. 3, are less than 50 per cent of 
the endurance limit of the plain specimen. 


Axle breaks off in wheel fit. Region B: Axle develops fatigue 
cracks in wheel fit which will not propagate to cause breaking off 
of the axle unless the stress is increased above line 2. Region C: 
No fatigue cracks develop. 

In order to obtain this complete information in Fig. 3 it be- 
comes necessary to test several axle assemblies at the same 
stress for various life conditions. This procedure requires a 
great number of tests. The cost and time required to make 
these tests on full-size axles are limited; thus, miniature-axle 
tests give a means of minimizing the number of large axle tests. 

The various phases of axle failure exhibited in Fig. 3 were 
developed experimentally from the results of tests on 2-in- 
diameter axles to be described later. It is also believed that 
these curves have practical significance due to the fact that serv- 
ice experience with ordinary-speed equipment indicates  in- 
cipient cracks have developed in axle wheel seats, suggesting 
operating conditions in the lower portion of region B where a 
large number of stress reversals of low magnitude are produced. 
It is only on higher-speed equipment that these cracks show 
propagation as a result of occasional high stresses, thereby 
simulating the upper portion of region B, and crossing into region 
A where the axle actually breaks off. 

This division of axle failures has been recognized for some time 
by the authors but never published due to lack of sufficient 
number of tests to establish this method of analysis as will be 
done in this paper. Lines 1 and 2 of Fig. 3 involve no new 
thoughts on this problem over previous tests reported in the 
literature, but line 3 presents new conditions which are believed 
to have considerable practical importance for the cases where 
wheel flange thrust is present. If no flange thrust were present, 
then the sloped portion of line 3 would remain substantially as 
shown, but the lower flat portion would coincide with the similar 
portion of line 2. (The authors, however, do not wish to imply 
that lines 2 and 3 for this case would coincide with line 2 for 
the type of test assembly shown in Fig. 4.) This belief is borne 
out by the fact that, in tests where the pressed-on hub was not 
restrained in any way except by its press fit on the axle, no fatigue 
cracks could be detected in axles which had been tested through 
a long life without breaking off. Thus, it would appear that, 
for an axle with a press-fitted hub, the stress below which 
the axle will not crack is the same as the stress below which the 
axle will not break off—just as in the case of a plain specimen 
with no press fit—provided there is no bending moment taken 
through the hub, i.e., no thrust forces acting on the hub. Flange 
thrust develops crushing and shearing stresses in the wheel fit 
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Fic. 5 PrormtocrarH Recorp or SurFACE Finish ALONG THE LENGTH OF THE WHEEL Seat ON AXLE No. 9545 BEFORE THE 
Wuee.t Was PREssED ON 
(The magnification vertically is 1000 showing vertical irregularities in the surface finish, while the magnification horizontally along 
the axle length is 30.) 


which apparently are responsible for the formation of cracks 
which do not propagate in the lower part of region B. Since it 
is the practice of railroads to discard a cracked axle when de- 
tected during an inspection, the practical effect of flange thrust 
is to lower the endurance limit from line 2 to line 3, shown in 
Fig. 3. 

All the bending moment in the laboratory test axle is taken 
through the wheel fit, giving a condition somewhat more severe 
than those occurring in railway service. For this reason, the 
actual location of line 3 determined in these tests may be a 
little lower than service conditions would give. 


DESCRIPTION OF THE I11'/:-IN. DIAMETER AXLES TESTED 


Fig. 4 shows a line diagram of the axle and wheel assembly" 
being tested. The test axle has identical dimensions of the axle 
used in service. This is also true of the wheel, except the length 
of the spokes has been shortened; however, the sections of the 
hub, rim, spokes, and shrunk-on tire are the same as used in 
service. 

All the axles used for these tests were obtained from the same 
heat and all axle forgings were given a normalizing and temper- 
ing treatment to produce the actual measured physical properties 
given in Table 1 which also include the chemical analysis. A 
2-in. diameter hole is drilled through the center of all axles. 

The cast wheel center, A.A.R. grade C, is press-fitted on the 
axle in accordance with usual railroad practice. The mount- 
ing tonnage and diameter fits are given in Table 2. A steel 
tire of 33/4 X 6 in. section is shrunk over the cast-steel wheel 
center after the center has been mounted on the axle as a means 
of more nearly simulating the service assembly. The tire fit 
is '/g, in. per ft of wheel-center diameter. 

Two uncompleted series of tests are reported in this paper, 
one series being on rolled axles and the other on unrolled axles. 
The so-called rolled axles were surface-rolled'! (burnished) over 
the entire wheel-fit portion before the wheel center was mounted 
on the axle for the purpose of investigating what increase in 
strength would result. In the rolling process, the axle is rotated 
on lathe centers at 25 to 50 rpm while the rollers feed along the 
axle by the lathe carriage at the equivalent rate of about 28 
threads per in. The rolling device consists of three rollers spaced 
120 deg apart and the pressure used was 25,000 lb per roller. 
Roller dimensions were 10 in. diameter X 1'/2 in. contour radius. 

The wheel-fit portions of the unrolled axles were given a smooth 
turned finish represented by profilograph records in Fig. 5 
made on the surface of one of the actual test axles. This record 
shows a magnification of 1000 times for the height of the vertical 
surface irregularities and 30 times for the length. Profilograph 
records are obtained by running a diamond point across the 
machined surface of the axle wheel fit and reproducing on sen- 


10 All axle assemblies were furnished as shown completely machined, 
assembled, and ready for test by the Pennsylvania Railroad. 

7 A history of surface rolling is given in reference (9) and a de- 
scription of technique in (5, 6,7). An illustration showing the opera- 
tion of rolling large axles is given in Fig. 25 of reference (1). 


TABLE 1 CHEMICAL ANALYSIS AND PHYSICAL PROPERTIES 
OF AXLES TESTED 


11'/2 and 2-in. 
axles of low- 
carbon nickel 


2-in. axles of 
S.A.E. 1045 steel 


Chemical properties: 


Carbon, per cent... 0. 450-0 . 490 
Nickel, per cent..... . 3.10 0.040-0. 

Sulphur, per cent..... : 0.02 0.031-0.037 
Phosphorus, per cent.. . . 0.03 0.013-0.017 
Manganese, per cent...... 0.670—-0.770 


Physical properties: 
Yield point, lb per sq in. 
Ultimate, lb per sq in.. 


60950-69000 47800 
91000-94900 88800 


Elongation in 2 in., per cent...... 25- 30 32 
Reduction of area, per cent....... 67.5- 70.6 48.5 
Brinell hardness....... 192 177 
Fatigue strength, '/; in. diam. 
rotating beam, lb per sq in... 55300 34400 (2 in. diam.) 


PRESS-FITTED ON AXLE. 
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Fig. 6 Dertaits oF THE 2-IN. DIAMETER AXLE ASSEMBLY 
ScaLe S1zB oF THE AXLE ASSEMBLY SHOWN IN Fia. 4 


sitized paper the surface irregularities by means of an optical 
system. 

The rolled axles were given a ground finish previous to rolling. 
The reduction in diameter due to rolling is 0.001 to 0.002 in. 
Axles other than these tested have been rolled using a smooth 
turned surface, and in such cases the reduction is 0.003 to 0.005 in. 
Since practically all this reduction takes place locally on the 
surface, the character of the machined surface controls the change 
in diameter due to rolling. 


Description OF 2-In. DiAMETER MINIATURE AXLES TESTED 


Scale-size model tests were made of the full-size nickel-steel 
axle-and-wheel assemblies. These axles were machined from the 
outer layers of the full-size axles. A cast-steel wheel center, 
A.A.R. grade C, having no spokes or tire was pressed on the axle 
which had a 2-in. diameter at the wheel seat. A line diagram of 
this axle-and-wheel assembly is shown in Fig. 6. The funda- 
mental design of these machines, as well as the principle and 
technique of testing is the same as for the large machine in Fig. 1. 

Carbon-steel axles of 2 in. diameter were also tested in the same 
manner as the 2-in. diameter nickel-steel axles. These tests on 
carbon-steel axles have been under way for several years and 
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Fic. 7 DiMENSIONS OF THE TEST AXLE AND THE Press-FiTTED 
WHEEL For TESTS ON 2-IN. Diam CARBON-STEEL AXLES 


EQUIVALENT MILES ON 72" WHEELS. 
oo 
8888 $882 282288 
PRESS FIT~CUT FROM 11-1/2" DIA.AXLE!| | ||! | 
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5 || | Test pataon’ || 
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NUMBER OF AXLE REVOLUTIONS IN MILLIONS. 


Fig. 8 Fatigue Data SHow1ne How 11!/:-In. Axte Is WEaAK- 
ENED BY THE PreEss-FitTTED WHEEL 


were originated before those on nickel steel. For 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1938 


sary as to the manner in which Figs. 10 and 11 were obtained. 
A transverse slice was first sawed from the axle wheel seat 
containing the fatigue crack. This slice was then sawed into 
six pie-shaped segments, after which each segment was further 
sawed into the plane of the fatigue crack and the final sepa- 
ration developed by wedging apart the two portions of each 
segment through the saw cut. Therefore, Figs. 10 and 11 
show the saw-cut marks in the center of the axle, the area 
broken by wedging, and the fatigue crack developed in test 
which may be identified at the outer circumference of the axle. 

None of the full-size axles were run until the axle broke off in 
the test machine although unrolled axle No. 9545, Figs. 9 and 10, 
was very close to this condition. The fatigue crack extended 
from the circumference practically into the hole through the 
center of the axle. 

Insufficient tests are shown in Table 2 to determine the com- 
plete set of axle-failure curves outlined in Fig. 3, but the indi- 
vidual axle tests are plotted in Fig. 8. The test of unrolled axle 
No. 9540, at a bending stress of 14,000 lb per sq in., may indicate 
from the '%/s:-in-deep fatigue crack in Fig. 11, that the axle 
would break off at about this stress. This is to say that line 2 
of Fig. 3 will fall at about 14,000 lb per sq in., but this inference 
must be substantiated by tests to be made later. 

The fact that unrolled axle No. 9550 shows fatigue cracks, 
as shown in Fig. 13, at such low bending stresses as 10,500 lb per 
sq in., indicates that line 3 of Fig. 3 will be below this value. 
Failure at this low stress indicates that the press fit of the wheel 
gives less than one fifth of the fatigue strength available in the 
axle without a press fit. This statement is based upon the data 
in the S-N curves of Fig. 8 where the fatigue strength of plain 
specimens, '/, in. diameter without a press fit and cut from the 
outer layers of one of the large axles, was found to be about 55,000 
Ib per sq in.'* It is expected that the fatigue strength for plain 
specimens of a large diameter, when they are tested later in the 
program, will be less than that found on the '/,-in. diameter 
specimens. 

A comparison between the test results of rolled and unrolled 
axles for the same bending stress is shown in Table 3. While 
both kinds of axles developed fatigue cracks, the depth and propa- 
gation of the cracks in the rolled axle is much slower than in 


12 The actual fatigue tests on these '/;-in. plain specimens were 
made in the conventional R. R. Moore rotating-beam machine by the 
International Nickel Company from machined specimens furnished 
by the authors. 


TABLE 2 SUMMARY OF AXLE FATIGUE TEST DATA 
Wheel 


Axle 


this son the design ; of the carbon-steel axle Wheel center bending ———Life to failure. Remarks 
is not the same as the nickel steel. Fig. 7 showsa on 
xie axie, 1n n- er quiv. 
line diagram .of the carbon-steel axle-and-wheel no. Revolutions miles* Failed depth, in. 
assembly, the principal difference being that a Unrolled nickel steel 

Bi 9545 0.017 162 19000 5,727,000 20500 Yes 9 and 10 
raised wheel seat is shown in Fig. 6 for the 974) 15214000 il 
nickel-steel axle while the carbon-steel axle has a 9549 0.016 135 12000 28,080,000 103300 Yes 23 ‘ 13 

S.A.E. 1045 steel was used for these axles cut 9555 0.0135 178 19000 143,470,000 510500 Yes “Us 14 to 17, incl. 

ei 9553 0.013 174 10 140,500, 00000 Yes an 

from hot-rolled 2!/rin. round bar stock normal- 19219000 48,500,000 172800 Now in test 
ized and tempered to give the actual physical 9542 0.013 205 10500 48,500,000 172800 Now in test 


properties and chemical composition in Table 1. 


AND Discussion OF TEsTs ON 111/.-IN. 
DIAMETER AXLES 


@ Obtained by converting number of revolutions into locomotive miles on the basis of 72-in. 
diameter drivers. This conversion given for convenience only and does not mean that miles and 
revolutions given are necessarily equal. 


TABLE 3 COMPARISON OF UNROLLED AND ROLLED AXLES 


Table 2 gives a summary of the fatigue-test 
data for eight full-size axles. The usual S-N 
data showing axle life is plotted in Fig. 8. The 
illustrations of axle failures, all of which occurred 
within the axle wheel fit, are shown in Figs. 9 
to 19, inclusive. Some explanation may be neces- 


Axle life: 


Axle bending stress, lb per sqin..... 


Revolutions, millions............. 
Equiv. miles. . 
Max. depth fatigue crack........... 
Illustration of axle failure, Fig. no... 


19,000 
Unrolled Rolled Ratio Unrolled Rolled Ratio 
1 2 2/1 3 4 4/3 
5.737 143.47 25 83.7 140.50 1.7 
20,500 510,500 25 298,000 500,000 
4°/iein. 7/16 in. 1/10 in. ein, 1/4 
9,10 14to 17, inel. 13 18, 19 
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the unrolled axle. At the high bending stress of 19,000 lb per 
sq in., the crack in the rolled axle is only one tenth as deep after 
about 25 times the life of the unrolled axle. At 10,500 lb per sq 
in., the rolled axle had a crack about one quarter as deep after 
about 1.75 times the life of the unrolled axle. 

The previously mentioned tests on rolled axles are now in the 
process of being checked by axles running in the machines at 
the present time as indicated in Table 2. While these check 
tests are not completed, they are sufficiently advanced to justify 
the feeling of similar improvement over unrolled axles. 

The test of the rolled axle at 19,000 lb per sq in. represents a 
very severe test and one which will not be equaled under any 
service conditions inasmuch as the wheel entirely lost its fit on 
the axle except for about 2 in. near the center of the fit. This 
loss of fit is due to a mechanical action of rubbing corrosion 
caused by the minute sliding or molecular attrition of the axle 
in the wheel fit occurring during each revolution.'* The muti- 
lated surface of the axle wheel fit is apparent from Figs. 14 and 
15, and even though only about 2 in. length of fit remained, 600 
tons pressure was not sufficient to press the wheel off the axle at 


Fic. 9 Fatigug Crack Founp DEVELOPED IN THE WHEEL SEAT OF 
AN 111/3-In. UNROLLED Test AXLE AFTER THE WHEEL Was ReE- 
MOVED—F ia. 10 SHows THE DepTH OF THE CRACK 


(View shows test axle No. 9545 of 3.1 per cent nickel, and 0.24 per cent carbon 

steel, normalized and tempered. The bending stress at the inside hub face 

was 19,000 lb per sq in. The axle was tested to 5,727,000 revolutions to 
failure, which is equivalent to 20,500 miles on 72-in. wheels.) 


the end of the test. It was necessary to heat the rim of the 
wheel and at the same time press on the axle to dismount the 
wheel at 600 tons. 

Fig. 15 shows segments about 1!/, in. thick cut from the surface 
layers of the entire length of wheel seat of the axle shown in 
Fig. 14. These segments have been bent to open through the 
fatigue cracks. The depth of the fatigue cracks is indicated in 
Fig. 16. The development of the series of fatigue cracks shown 
in Figs. 15 and 16 instead of the usual single circumferential 
crack may be explained by the shortening of the wheel fit during 
the progress of the test. 

The fact that the rolled axle also showed a crack at the low 
stress of 10,500 Ib per sq in. checks with tests on 2-in. miniature 
axles to be discussed later. It was found that the incipient 
fatigue cracks in rolled axles develop at a stress which is about 
the same as, or slightly higher than, the stress at which they 
occur in unrolled axles, but these cracks propagate at a much 
slower rate in the rolled axle. 

Additional tests are scheduled for rolled axles at much higher 
stresses than used previously to simulate the effect of a large 
number of occasional stresses of high value in service. 


18 This action is described in greater detail in Fig. 1 of reference 
(6). Also see references (11, 12). 
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The practical value of the rolled axle is that considerably 
increased strength is obtained over the unrolled axle and the 
liability of the axle breaking off in road service is reduced. As 
more test data are accumulated on full-size rolled axles, and if 
improved strength will be reflected comparable to that for 2-in. 
axles, it is believed that the present typical mileage limit of 250,000 


URFACE TO 3/16 
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Fic. 10 Depts or Fatigue CRACK IN THE WHEEL SEAT OF THE 

UNROLLED AXLE SHOWN IN 9. THE or THIS 

Crack Wits Tuat DEVELOPED IN THE ROLLED AXLES TESTED AT 

THE SaME Stress, BuT WitH Twenty-Five Times THE LIFE as 
SHOWN IN Figs. 14, 15, and 16 


FATIGUE CRACKS 
MAX. DEPTH 12/32" 


Fic. 11 Depts or Fatigup Crack IN THE WHEEL SEAT OF 
UnROLLED AxLE WuicH DEVELOPED WITHIN THE WHEEL Fit NEAR 
THE InNstpE Hus Face 
(Test axle No. 9540 of 3.1 per cent nickel, and 0.24 per cent carbon steel, 
normalized and tempered. The bending stress at the inside hub face was 
14,000 lb per sqin. The axle was tested to 19,850,000 revolutions to failure, 
which is equivalent to 70,000 miles on 72-in. wheels.) 
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Fig. 12. Fatigue Crack Founp DEVELOPED IN THE WHEEL SEAT OF 
AN 11!/2-In. UNROLLED AXLE AFTER THE WHEEL Was REMOVED— 
Crack Locatep In.-7/s In. From THe Hus Face 


(Test axle No. 9549 of 3.1 = cent nickel and 0.24 per cent carbon steel, 

normalized and tempered. he bending stress at the inside hub face was 

12,000 lb persqin. The axle was tested to 28,680,000 revolutions to failure, 
which is equivalent to 102,200 miles on 72-in. wheels.) 


Fic. 13 Fatigue Crack Founp DEVELOPED IN THE WHEEL SEAT OF 

AN 11!/2-In. UNROLLED AXLE AFTER THE WHEEL Was ReEmMovED— 

Crack LocaTeEp UNDER THE WHEEL Fit In. From THE INsSIDE 
Hus Face 


(Test axle No. 9550 of > 1 = cent nickel and 0.24 per cent carbon steel, 

normalized and “ie 8 he bending — at the inside hub face was 

10,500 lb per sqin. The axle was tested to 83 :730,000 revolutions to failure, 
which is equivalent to 298,000 miles on 72-in. wheels. ) 


to 300,000 miles, at which driving axles are scrapped, may be 
increased to as much as possibly 500,000 to 1,000,000 miles, 
especially when rolling is combined with a higher raised wheel 
seat and possibly relief grooves in the hub of the wheel. The 
results of unpublished tests on unrolled axles, designed with a 


higher raised wheel seat than is reported in these tests, indicate 
that considerable improvement may be expected from this 
feature alone. 

These tests on full-size locomotive driving axles are being 
continued and further progress reports will follow at a later date. 
It should also be mentioned that two additional axle-testing 


SCONNECTED CRACKS 


‘SERIES OF Di 


Fie. 14 Fatigue Cracks Founp DEVELOPED IN THE WHEEL SEAT 

or A AXLE AFTER REMOVAL OF THE WHEEL—SEE Figs. 15, 

16, 17, AND 18 ror DetatLs or Fatigup Cracks—Maximum Depts 
= In. 


(Test axle No. 9555 of 3 1 4 cent nickel and 0.24 per cent carbon steel, 

normalized and Somqeees e bending stress at the inside hub face was 

19,000 Ib per sq in he my. ton tested to 143,470,000 revolutions to failure, 

which is equivalent to 510,000 miles on 72-in. wheels. The fit of the axle 

was completely lost except for about 2 in. of length near the center of the 

wheel seat, but the dismounting tonnage was 600 tons with the rim of 
the wheel heated.) 


Fig. 15 SrGmMents Cut From THE SURFACE OF THE ENTIRE LENGTH 

OF THE WHEEL SEAT OF ROLLED AXLE No. 9555 AND BENT SLIGHTLY 

To OpEN THROUGH THE Cracks. Fatigue Cracks SHOowN RuN 

C1RCUMFERENTIALLY IN THE AXLE SHOWN IN Fic. 14. Tue DeptH 

OF THE Cracks Is SHOWN IN Fia. 16, AND A PHOTOMICROGRAPH OF IT 

Is SHOWN IN 17. Compare Faiture THAT OF THE 
UNROLLED AXLE SHOWN IN Figs. 9 AND 10 
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Fig. 16 Maximum Depts or tHe Fatigue Cracks Is 7/135 In. in A SEGMENT Cut From THE WHEEL SEAT OF ROLLED AXLE No. 9555 
SHown IN Figs. 14 and 15. Notre How THE Crack PROPAGATES AT AN ANGLE OF ABout 45 Dea WirH THE SuRFACE. CoMPARE THIS 
Faruure With Tuat or THE UNROLLED AXLES SHOWN IN Fiaes. 9 aNp 10 


machines of the type shown in Fig. | are also in operation in 
this laboratory since December, 1937, on tests of 5'/2 x 10- 
in. passenger-car axles. This latter program is under the 
direction of the American Association of Railroads. 


RESULTS AND DiscussION OF TESTS ON 2-IN. MINIATURE AXLES 


The 2-in. axles machined from the outer layers of the large 
axles shown in Fig. 6 were tested and the results are plotted in 
the S-N curves of Fig. 20. The fatigue strength for breaking 
off of the axle is indicated by line 2 as being 17,500 lb per sq in., 
and that for no development of cracks as 10,000 lb per sq in. in 
line 3. The practical meaning of these two curves applied to 
2-in. axles is, as mentioned before, that 10,000 Ib per sq in. is 
a safe value to use for design purposes so that no cracks will 
develop under conditions of high occasional flange thrust. If 
stresses higher than 10,000 lb per sq in. are produced, the fatigue 


Fic. 17 THROUGH ONE OF THE FATIGUE CRACKS 
IN THE WHEEL SeEaT OF ROLLED AXLE No. 9555 SHowN IN Fias. 14, 
15, anp 16. X100 


Fig. 18 Fatigue Cracks Founp DEVELOPED IN THE WHEEL SEAT 
or Roiitep AxLe No. 9553 ArreR REMOVAL OF THE WHEEL. SEE 
Fig. 19 ror Detait or Crack Less THAN !/ InN. Deep 


(Test axle No. 9553 of 3.1 per cent nickel and 0.24 per cent carbon steel, 

normalized and tempered. The bending stress at the inside hub face was 

10,500 lb per sqin. The axle was tested to 140,500,000 revolutions to failure 
which is equivalent to 500,000 miles on 72-in. wheels.) 


Fic. 19 Secrion Cut From THE WHEEL Seat or No. 
9553 SHown In 18, anp Bent THRovuGH THE Fatigue CrRaoK. 
Maximum Deptu oF Crack = !/¢ IN. 


cracks will not progress to the point of the axle breaking off 
unless occasional bending stresses above 17,500 lb per sq in. are 
developed. Sufficient tests have not been made to date to com- 
plete the sloped portion of line 3 showing when the crack is first 
initiated under service conditions of high occasional stresses. 
The wheel fit on the unrolled axle of these tests on 2-in. axles 
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@ Axre broke off 
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gag still in test or not examined 
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@ Axle broke off O axle cracked 


KEY 
Axle did not crack 


Axle still in test or not examined 
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12" WHEELS 1,000 4,000 | 8,000 20,000 000 | 100,000 | 200,000 500,000 
| | | | | 
| | 
| | 
Bie 
2s | | '93 | | | 1 | 
133 1 Line 
q | 9 131] 107 } hee we || 2 
10 
| | i} hse As” 
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REVERSALS IN MILLIONS 


Fie. 21 S-N Curves or Unrouiep 2-In. Diameter ScALe-Size Axes or S.A.E. 1045 CarBon STEEL 


varied between 0.0025 and 0.0030 in. Only the data on un- 
rolled axles are shown in Fig. 20, although sufficient tests have 
been made on rolled axles to give preliminary indications. With 
rolled axles, line 2 in Fig. 20 will be at least twice as high, i.e., 
35,000 Ib per sq in. instead of 17,500 lb per sq in., and line 3 
will be about 10,000 lb per sq in. as before. The practical inter- 
pretation of this difference between rolled and unrolled axles is 
that the rolled axle has much greater resistance to crack propa- 
gation and will withstand much higher occasional stresses in 
service without danger of the axle breaking off. 

A tentative comparison as given in Table 4 may be made be- 
tween the fatigue-strength values in Figs. 8 and 20, obtained for 
the 11'/,-in. and 2-in. diameter unrolled axles, to show the in- 


fluence of “size effect.” This tentative comparison creates the 
opinion that the designer must use lower allowable stresses when 
dealing with the large sections used in these tests. 

The foregoing discussion applies to the use of low-carbon 
nickel steel and, since plain-carbon steels are ordinarily used in 
railroad service, a brief reference will be made to the results of 
tests on 2-in. axles of this steel. 

Figs. 21 and 22 show S-N curves for 2-in. unrolled and rolled 


TABLE 4 INFLUENCE OF AXLE SIZE ON FATIGUE STRENGTH 


Axle broken off, line 2 (Fig. 3), allowable bending 

Possibly 14000 17500 
No development of fatigue cracks, line 3 (Fig. 3), 

allowable bending stress, lb per sqin.......... Less than 10500 10000 
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@ axle broke off O axle cracked 


EQUIVALENT MILES 2, 
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OQ, sale aa act crack 
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axles, respectively. The same general comments given for the 
previously mentioned tests on 2-in. axles, using nickel steel, apply 
also to these curves. In making a comparison between the 
tests of carbon-steel and nickel-steel axles, however, it should 
be mentioned that the raised seat used on the nickel-steel axles 
shown in Fig. 6, represents an improvement in design over the 
carbon-steel axle without the raised seat, shown in Fig. 7. With 
this in mind, we find that the breaking-off value for the carbon- 
steel axle is 14,000 lb per sq in. as against 17,500 lb per sq in. on 
the nickel-steel axle; also, the development of the crack in carbon- 
steel axles is initiated at about 6000 lb per sq in. as against 
10,000 Ib per sq in. on the nickel-steel axles. 

The quantitative influence of the raised seat is not known, 
but some material improvement may be expected by its use to 
account for a part of the differences which have been previously 
mentioned. 

Reference should be made to Fig. 22 indicating that rolling 
increased the breaking off fatigue strength of the unrolled axle 
from 14,000 lb per sq in. as shown in Fig. 21, to 35,000 lb per sq 
in., or 2'/, times. Little improvement is shown for the stress 
at which incipient fatigue cracks take place as this value is 
7500 lb per sq in. for the 2-in. diameter rolled carbon-steel axle 
and 6000 Ib per sq in. for the unrolled axles. 
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Influence of Pressure on Film Viscosity 


in Heavily Loaded Bearings 


By SYDNEY J. NEEDS,? PHILADELPHIA, PA. 


Extensive investigations of heavily loaded journal bear- 
ings were conducted in Dr. Kingsbury’s laboratory several 
years ago in connection with studies of roll-neck bearings. 
The problem of maintaining complete fluid-film lubrica- 
tion under loads of several thousand pounds per square 
inch of bearing area was visualized as one of bearing de- 
sign and the provision of an adequate supply of the proper 
lubricant to suit operating conditions. Following this 
line of approach, it was found that the usually available 
lubricants are entirely satisfactory for the formation of a 
complete metal-separating oil film when the bearing has 
been constructed in such manner as to make the forma- 
tion of this protecting film possible. Hence, except at the 
moments of starting and stopping, metallic friction and 
wear may be eliminated under operating conditions. 

Results of the tests were found to be in good agreement 
with published theory when the operating conditions 
were reasonably close to those upon which the theory is 
based. For example, theory indicates that with constant 


loaded journal bearings during recent years, due principally 
to the problemsencountered in the roll-neck bearings of heavy- 
duty rolling mills. In its simplest terms, the basic problem is to 
carry loads of several thousand pounds per square inch of bearing 
area with a complete metal-separating oil film; thus eliminating 
wear under running conditions and reducing frictional power 
losses toa minimum. A comprehensive experimental program 
on this problem was undertaken in Dr. Kingsbury’s laboratory 
in 1931, and with a few interruptions, was carried on over a 
period of several years. Various bearing metals and lubricants 
were investigated to determine their behavior under heavy loads. 
It is thought that speed, temperature, load, and friction were meas- 
ured with extreme accuracy. No attempt was made to measure 
film thickness. 
The results of these investigations indicate that the usually 


! Part of the material herein presented was given in a short paper of 
the same title at the General Discussion on Lubrication and Lubri- 
cants he} * ‘wv the Institution of Mechanical Engineers in London, 
Er! rer, 1937. See Group I of Proceedings of this Discus- 


s! 


fer interest has been shown in slow-speed, heavily 
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speed and film viscosity the friction coefficients of fitted 
journal bearings and plane surfaces will continue to de- 
crease indefinitely with increasing load. At constant 
speed and temperature it was observed that when the load 
was increased to several thousand pounds per square inch 
the friction-coefficient curves for fitted journal bearings 
reached a minimum and then started to increase with 
added load. In the absence of metallic contact this dis- 
crepancy between observed and theoretical frictions sug- 
gested the probability of the high pressures in the bearing 
oil film causing an increase in film viscosity. The present 
paper undertakes a mathematical explanation of this 
phenomenon by calculating the effect of viscosity increase 
under pressure on the operating characteristics of plane 
surfaces of infinite width. Some of the more interesting 
of the test results are given in the form of curves and 
these are compared with calculations for plane surfaces 
of infinite width assumed to be operating under the same 
conditions. 


available lubricants are entirely satisfactory for the formation of 
a complete fluid film when the bearings are constructed and oper- 
ated in such manner as to permit the formation of this protecting 
film. It is obvious that an adequate supply of clean lubricant of 
the proper viscosity is essential to maintain the film under operat- 
ing conditions. In ali cases where collapse of the film permitted 
partial metallic contact to occur between the bearing surfaces, 
the cause of film failure could be traced to the inability of the 
bearing surfaces to maintain their proper shapes, rather than to 
any shortcomings of the lubricant. In other words it appears 
that the lubricants behave more satisfactorily under extreme 
bearing loads than the metals available for bearing construction. 

It is doubtful that a full presentation of the experimental work 
would be of general utility. A few of the more interesting test 
results are given in the form of curves and from these a most im- 
portant phenomenon of heavily loaded bearings becomes appar- 
ent, namely, the increase in film viscosity due to the pressures in 
the oil film supporting the load. The present paper undertakes a 
discussion of this phenomenon. 

Increase in the viscosity of lubricants under pressure has been 
the subject of considerable study in this country and abroad, but 
practically all experimental work has been conducted at low rates 
of shear. Experimental evidence tending to show that oils will 
also increase in viscosity at the high rates of shear usually found 
in bearings is almost entirely lacking. Stanton (1),° comparing 
his test results with theory, found at rates of shear of the order of 
one million reciprocal seconds that the pressures in the film had 
apparently raised the viscosity about 25 per cent. More recently 
Bradford and Wetmiller (2) and Everett (3), investigating a small 
bearing at approximately the same rates of shear as in Stanton’s 
tests, found striking variations in operating temperatures with 
various oils of the same viscosity at atmospheric pressure but of 
different viscosity-pressure coefficients. They found with a given 
load that the oil having the greatest viscosity increase under 
pressure gave the highest operating temperature in the test bearing. 


3’ Numbers in parentheses refer to the Bibliography. 
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The experimental work reported in this paper was conducted at 
speeds sufficiently low to avoid serious complications from fric- 
tional heat. The rates of shear involved are probably inter- 
mediate between those encountered in the experiments just 
mentioned and those used in the laboratory determinations of 
viscosity under pressure. 


Tue TEsTiInG MACHINE 


The machine used for the bearing tests was built upon the same 
principles used in the original Kingsbury oil-testing machine (4) 
described in 1903. Since the present machine is much larger and 
heavier the details are necessarily different. These are shown by 
Figs. 1 and la. The machine is mounted in a drill press, the 
spindle of which is driven by a 7!/.-hp, 1200-rpm, synchronous 
motor through a chain and change-gear transmission. Con- 
stancy of the motor speed depends only on the frequency regula- 
tion of the current in the city power lines. The drill press is pro- 
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vided with friction clutches for starting, stopping, and reversing. 

A test journal A is.connected to the drill-press spindle by a 
flexible coupling through an adjustable friction drive set to slip in 
case the journal friction becomes excessive. The journal runs 
between the two bearings B backed by heavy steel plates C. 
These parts are enclosed in a cylindrical bowl 12 in. in diameter 
and 9'/, in. deep which is filled with lubricant to a point slightly 
above the tops of the bearings. The bearing on the left is 
firmly doweled to its rectangular supporting plate, which in turn 
is doweled to the bowl. The bearing on the right is located with 
reference to its circular supporting plate by a single central dowel 
and the load is applied through a convex thrust pin at the hard- 
ened center of the plate. Thus the journal is free to adjust itself 


For TestTiInG Parriau 
JOURNAL BEARINGS 


Figs. 1 aNnpD la 


with respect to the bearing on the left, 
and the bearing on the right being pivoted 


YY at the point of load application is free to 


adjust itself to the journal. 

Hydraulic loads up to 100,000 Ib are ap- 
plied by means of a hand pump built into 
the head of the pressure cylinder. The 

] cylinder is cast integral with the bowl. 
The pressure chamber is sealed from the 
F clearance space around the 5-in-diam pres- 


sure piston D by a rubber diaphragm 
which effectually prevents leakage. 


Hence, it is possible to apply a constant 


load for an indefinite period. The pres- 
| sure applied to the piston, loads the bear- 


4—E 


PRESS 


ings and is read on a gage mounted on the 
cylinder head. 

The weight of the parts is supported 
by the torsion rod Z. Angular twist of 
E, measured by a graduated curved scale 
F, gives an accurate measure of bearing 


TABLE 


torque. The oscillating parts are cen- 
tered by a spindle G separated from its 
sleeve H by an oil film. Since the weight 
of the parts is symmetrically distributed 
about the center line by the counterweight 
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J, an oil film of approximately uniform thickness is maintained 
between the spindle and its sleeve, and there are no errors in 
torque readings from friction at this point. The viscosity of the 
oil in the sleeve bearing gives a damping effect to any oscillation 
of the moving parts and the film is kept full of oil by filling the 
space around the torsion rod. Therefore, the accuracy of torque 
indication depends only on the calibration of the torsion rod. 
The bearing testing parts are easily removed leaving the torque- 
measuring apparatus available for a tapered-plug viscometer (5) 
or other rotational instruments. 

The mechanical precautions taken to insure constant load and 
speed, and the freedom of the friction-measuring device from ex- 
ternal sources of error have resulted in an accurate and easily 
handled machine. Friction readings generally fall on a smooth 
curve and the results are readily reproducible if no metallic con- 
tact is permitted between the test bearing surfaces. Running 
under steady conditions with a fluid film results in a steady torque 
indication and the beginning of metallic contact is at once de- 
tected by the erratic movements of the torque indicator. 

The test journal is of normalized carbon tool steel carefully 
ground and lapped. The bearing blocks are of bronze or steel 
with a '/j-in. layer of babbitt bearing surface of composition 
0.85 tin, 0.10 antimony, and 0.05 copper. At this thickness the 
babbitt has been found to flow when the load per unit area is 
about 20,000 lb per sq in., but the flow may be controlled by 
variation of the thickness of the layer. Unless extreme care is 
taken when pouring the babbitt, gas bubbles will be formed from 
traces of the acid used for bonding the babbitt to the block. 
Some of these bubbles will remain at the surface of the block and 
will not be detected until the high film pressures have forced the 
upper layers of babbitt down into the bubbles, leaving depres- 
sions on the bearing surface. It also appears that babbitt as 
poured is slightly compressible and will take a permanent set 
under pressures lower than required to cause flow. Hence it has 
been found desirable to subject the babbitt surfaces to film pres- 
sures well beyond the highest test pressure contemplated before 
making the final fitting for the experiments. 

The bearings were fitted by hand scraping carried beyond the 
point where the journal, lying horizontally in the bearing, will 
rotate freely at low speed Jubricated by atmospheric air. When 
thus fitted, it has been found that the effect of “running in” such 
a surface is to increase rather than decrease the friction under 
given test conditions. Bearing temperatures are measured by 
thermometers K located on the center line, one-half inch from the 
bearing surface. 

Test temperatures are controlled by operating the bearings 
at comparatively high speeds until frictional heat has raised the 
temperature above that desired for the test. The load is then 
removed and rotation stopped until the temperature has dropped 
to the test value. This drop is slow because of the considerable 
quantity of metal and oil involved and the fact that the test 
temperature is generally not much above that of the room. 
Under test conditions the frictional work done in shearing the 
films is usually so small that there is no appreciable change in 
film temperature during a run. The thermometers are carefully 
watched and observations discontinued when the deviation from 
test temperature is appreciable. 

For tests to be strictly comparable the bearing surfaces must 
be the same in each case, hence care was taken to avoid metallic 
contact due to overloading the bearings. When the bearings 
have been purposely overloaded, metallic contact occurs at the 
sides and not at the entering and trailing edges. It is known 
that the axial pressure distribution in an oil film is approximately 
parabolic, being greatest at the center and falling to atmospheric 
at the sides. In heavily loaded bearings the pressures are great 
enough to cause appreciable elastic flexure of the bearing sur- 
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faces, hence contact would be expected at the sides, where the film 
pressure is rapidly decreasing to atmospheric. 


TypicaL Test REsvtts 


Results of a typical test with a 4-in-diam, 120-deg fitted bear- 
ing 4 in. wide are shown in Fig. 2. The bearing blocks were of 
bronze with a '/j-in. layer of babbitt. In this test speed and 
temperature were held constant at 23.8 rpm and 130 F, respec- 
tively. The lubricant used was an uncompounded paraffin-base 
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(4-in. diam, 120-deg, centrally loaded fitted bearing, 4 in. wide, 23.8 rpm 
(U = 4.99 in. per sec), Atlantic Superheat Cylinder Oil, at 130 F, 
wa = 63.9 (10) ~* lb sec per sq in.) 


mineral oil produced by the Atlantic Refining Company for 
steam-cylinder lubrication under superheat conditions. 

At the test temperature, difference in expansion between the 
steel journal and bronze bearings would probably introduce some 
running clearance since the bearings were fitted at room tempera- 
ture. Calculation of this clearance introduced by thermal ex- 
pahsion would be of little practical value due to the appreciable 
elastic deformations of the bearing surfaces under the high film 
pressures. Hence, the test results are arbitrarily compared with 
the theoretical 120-deg centrally loaded clearance bearing of 
minimum friction coefficient (6), corrected for side leakage by 
the Kingsbury factors. With uniform film viscosity, theory 
indicates that the friction coefficient will decrease continuously 
with increasing load, provided the clearance bears a constant and 
definite ratio to the minimum film thickness. It is conceivable 
that this latter requirement might be approximated by bearing 
flexure. 

The test results show that the friction coefficient reaches a 
minimum at a load of about 3900 Ib per sq in. of projected bear- 
ing area and then begins to increase with added load. Appar- 
ently this increase in friction coefficient is not due to metallic 
contact since none was indicated by the torque bar during the 
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test and no signs of rubbing were found on the bearing surfaces 
after the test. Calculations showed the film thickness much too 
great to suspect an adsorbed layer on the bearing surfaces to be 
the cause of the increase in friction coefficient. It is known, 
however, that lubricants increase in viscosity under pressure and 
the above comparison of theory with observation appears to 
justify the assumption that the increase in friction coefficient 
under heavy loads is due to an increase in oil-film viscosity 
caused by the high pressures in the oil film supporting the load. 

The most direct analytical approach to the problem seems to be 
through a consideration of plane surfaces of infinite width. 
Theoretical results for fitted partial bearings are close to compa- 
rable calculations for plane surfaces. In fact it appears that 
for a first approximation the curvature of the film may be neg- 
lected, particularly if the bearing is of short angular length. It 
is recognized that theoretical results based on infinite width 
represent no practical case without suitable side-leakage correc- 
tion factors. It must also be remembered that the elastic dis- 
tortions of the bearing surfaces under high film pressures would 
be expected to vary appreciably the assumed uniform film thick- 
ness in the transverse or axial direction, and also to change the 
shape of the circular bearing are. The problem becomes further 
involved by local frictional heating. In fact, any attempt to 
consider all the variables would present such a complicated pic- 
ture that a mathematical solution would probably be impossible. 
However, the increase in viscosity at any point in the film is a 
function of the pressure at that point regardless of the shape or 
dimensions of the film. Hence, neglecting side leakage, elastic 
distortions of the surfaces, and viscosity variations due to local 
heating, the comparison of a mathematical solution for plane 
surfaces of infinite width with test results of a cylindrical bearing 
appears to introduce only three approximations. The first is due 
to the curvature of the cylindrical film. The second enters from 
the fact that in any axial cross section of a practical bearing film, 
the pressures are highest at the center and fall to atmospheric at 
the sides while infinite width assumes no pressure variation in the 
axial direction. The true pressure effect on viscosity for the film 
cross section will be found from the pressure at each point and 
this will be somewhat different from the approximate effect found 
from the mean pressure of the cross section. The third ap- 
proximation is the assumed law of viscosity variation with pres- 
sure shown by Fig. 4. That these approximations do not appear 
to seriously obscure the picture of viscosity-pressure effect on 
bearing characteristics is shown by Fig. 10, where the observed 
effect on a 120-deg test bearing is quite similar to the effect caleu- 
lated for the plane surfaces of infinite width. 


THEORETICAL 
Geometry of the plane surfaces is shown in Fig. 3. Increasing 
U 
X 
a 
b 
Fig. 3 GEOMETRICAL NOTATION FOR PLANE SURFACES OF INFINITE 
WipTH 


zx is measured positive in the direction opposite that of motion, 
hence U is negative. 


Notation used is as follows: 
c = the small angle of inclination between the planes 
C = symbol for 6u,U/c? 
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f = shear stress in the oil at the moving surface 
F = integrated shear stress, or frictional force per unit of 
bearing width 
h = film thickness at any value of x, (h = cx) 
ho = minimum film thickness, (ho = ca) 
h,, = maximum film thickness, (h,, = cb) 
l = bearing length in direction of motion, (J = b — a) 
N = revolutions per minute 
p = pressure in the film at any value of x 
, = load per unit area, in lb per sq in. of projected bearing 
area 
slope of the approximating line representing variation 
of the logarithm of viscosity with p 
s = symbol for 2.303r 
U = linear velocity of the moving surface 
W = integrated pressure or load per unit of bearing width 
xr = position of the line of support of W 
x, = value of x at which the pressure is maximum 
Z = viscosity at atmospheric pressure in centipoises 
= coefficient of friction = F/W 
nu = film viscosity in lb see per sq in. 
ty = mean film viscosity 


ll 


With the exception of Z, the terms as defined are understood 
to include the pressure effect on viscosity. When the viscosity 
is assumed constant the pressure effect is neglected and the sub- 
script a is used to denote the same quantities. 
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Fic.4 Viscosrry or Castor O11, UNDER Pressure aT 39 C 
(From data (7) by Hersey and Shore.) 


The work of Hersey and Shore (7) and others, giving quanti- 
tative results of the pressure effect on the viscosity of lubricants, 
has shown that the logarithm of the absolute viscosity of an oil 
at a given temperature when plotted against pressure, may be 
approximated by a straight line at the lower values of pressure. 
Fig. 4 shows such a curve and the approximating straight line; 
the circled points are experimental observations of castor oil at 39 
C. Up to 20,000 lb per sq in. the straight line gives a fair ap- 
proximation to actual conditions. The importance of viscosity 
increase under pressure is shown by the fact that for this particu- 
lar oil the viscosity is increased 3 per cent at 300 lb per sq in., 
doubled at 6850 lb per sq in., and tripled at 10,800 Ib per sq in. 

If r is the slope of the approximating straight line, and the 
viscosity at atmospheric pressure is denoted by u,, then at any 
value of p, log u = log u, + pr, from which 


{1} 
It has been shown by Kingsbury (8) that the differential equation 
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of Reynolds (9) for the case of infinite width may be written 


dx 12u dx 2 dz 4 eee 


and in this form is true whether » be constant or variable. This 
expression refers to both plane and cylindrical surfaces. A solu- 
tion of Equation [2] for the case of plane surfaces, treating u as 
constant, has been given by Kingsbury (6) as 


dp _ [ 2ab x(a + 
dx (a+b) x 
where C = 6yu,U/c? 
The point of maximum pressure is 
2ab 
n=. 
(a + b) 
and 
(b — x) (x — a) 
[5] 
(a + b)x? 


The load per unit of width is 


Ww ely b 2(a — b) (6) 
= ¢ = + 
a (a + b) 


and the line of support of W is at 


b (b log b 
2 (a + b) 7] 
log 2(b — a) 
(a + b) 


Reynolds’ expression for the shearing stress at the moving sur- 
face, valid for constant or variable viscosity is 


U 


[8] 
h 2 dz 


Using the negative sign with U, 


The total frictional force per unit width is 


b (b — a) 
F, f f,dx E log. {10} 


where the negative sign with F indicates that the frictional force 
opposes motion. The coefficient of friction is 


From Equation [2], expressions similar to Equations [5], {6}, 
(7], and [10] for pressure, load, line of load application, and fric- 
tion, including the effect of local film pressure on viscosity, may 
be developed by substituting Equation [1] in {[2]. Since h = cz, 


d z* dp 6u,U 
Integrating, 
dp 
dz Cz + Ky {13} 
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Integrating again, 


— = - — — 
The integration constants K, and K, may be evaluated from the 
boundary conditions p = 0 when z = a and when z = b, hence 


ab 
K, = 3 i K,=— 
Gs 5 | 
From Equation [13] 
dp Cc 2ab — x(a + b) 
— = (10)"” ——— 


From Equations [3] and [15] it is seen that the pressure gradient 
dp/dz including the pressure effect on viscosity is a multiple of the 
pressure gradient following from the assumption of constant 
viscosity; the multiplier is (10)”. At the entering and trailing 
edges of the bearing p = O and (10)” = 1.0. Therefore the 
pressure gradients at the bearing edges are independent of the 
pressure effect on viscosity. 

Since p is maximum when dp/dr = 0 

2ab 

and from Equations [4] and [16] it appears that the point of 
maximum pressure is unchanged by the pressure effect on vis- 
cosity. 

Substituting K, and K; in Equation [14] 


(16} 


1 (b — x)(x — a) 
——— | 1— (10)-" | = Cc = [17 
| (10) | (a + b)z? 
Writing s = 2.303r 
1 
p = — ~ logi(l — sp,).. . 
r 


which is identical with the expression previously derived by 
Kingsbury. The load per unit of width is 


b 
els E 
W = pdr = —|— — — G— |..[19) 


D=(a+b+sC) E = y}sC[4ab(a + b) 


where 


— sC(b — a)*}} 
E 
E 
b2 
J = log, 
The line of support of W is at z 
= f,” prdz = — (2ab(a + b) 
4D? 
— sC(b? + a*) — 2E(a + 6)(G — H) (21] 


the shearing stress in the oil at the moving surface as given by 
Equation [8] is 


i= 
x 
4 
F ax 
4 
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Fic. 7 CALCULATED VARIATION OF Fitm Tuickness Witu Loap, 
PLANE SURFACES OF INFINITE WIDTH 


[ue = 63.9(10)~-* lb sec per sq in., U = 4.99 in. per sec, b = 8in., a = 4in., 
r = 0.0000755 (Ib per sq in.) ~*.] 


The total frictional force per unit width is 


2 
F = = +2 
and the coefficient of friction is 
24 
[24] 
The mean film viscosity is 
b 
MM (b—a) =e (6— a) + 2D 


Fic.6 Ca.cunaTep FRICTION, PLANE 
SurFACcEs OF INFINITE WIDTH 
[ua = 63.9(10~*) Ib sec per sq in., U = 4.99 in. 
per sec, 6 = 8in.,a = .000067 
0.000075 55 (Ib per sq in.) 


Fie. 8 CALCULATED VARIATION OF V18CO8- 
1ry Due To O11-F1LM PrREssuRE, PLANE SukR- 
FACES OF INFINITE WIDTH 
{ua = 63.9(10) ~6 lb sec per sqin., U = 4.99 in. 
per sec,b = 8in.,a = 4in.,c = 0.000067, r= 
0.0000755 (lb per ‘sq in.) ~*.] 


in, c = @ 


E 


From Equation [23] it appears that the friction becomes infinite 
when sC(b — a)? = 4ab(a + b) from which 


= 1,8585(b — a) | [26] 


Since ho = ca, we have the curious condition of infinite friction at 
a finite minimum film thickness. The physical interpretation of 
this seems to be that infinite pressure is reached by an infinite in- 
crease in viscosity rather than by zero film thickness as in the case 
of constant viscosity treated by Reynolds. 

Investigators have found some lubricants apparently to solidify 
under pressures of the order of 20,000 lb per sq in. Such a 
lubricant used in a bearing would probably remain fluid at pres- 
sures well beyond this figure since it would be expected that the 
temperature rise due to the increased friction would cause r to 
drop and thus postpone solidification. In any event, the vis- 
cosity would not reach infinity in the manner predicted by the 
expression « = y,(10)”. This equation is approximate and may 
be used only over a limited range. The degree of the approxima- 
tion involved and the pressure range can be found only by experi- 
ment. Hence, quantitative results based on this assumed pres- 
sure-viscosity relationship can be regarded only as an approxi- 
mation. 

A detailed investigation of a particular case will be of some 
interest and assistance in visualizing how the increased viscosity 
of the oil film under pressure affects the operating characteristics 
of a plane bearing. For comparison with the 120-deg fitted 
bearing, the plane bearing is assumed to be operating at the same 
speed and with the same oil as in the test shown by Fig. 2. Hence 
U is taken as 4.99 in. per sec, and yu, as 63.9(10) ~* lb sec per sq in. 
at the test temperature of 130 F. Since no experimental data on 
the viscosity-pressure characteristics of this oil are available, the 
value of r = 0.0000755 (lb per sq in.)~! at 130 F (see Table 2) 
was taken from a chart of the Kiesskalt (10) type prepared by 
J. F. Spiegel of the Kingsbury Machine Works. The plane bearing 
is taken as 4 in. long and the film thickness at the entering edge is 
a to be twice that at the trailing edge, hence b = 8 in. and 

= 4in. For this particular case let the angle of inclination of 
me plane surfaces c = 0.000067. Then the minimum film thick- 
ness ho = 4c will be 0.000268 in. 


4 + a*) — 2ab(b + 
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On the basis of constant film viscosity, the pressure distribu- 
tion, pg, may be plotted for the above conditions from Equation 
(5). The curve is shown in Fig. 5, and the area beneath it is 
proportional to the load per unit of width. From Equation [6] 
this is W, = 11,280 lb per in. Due to the increase in film vis- 
cosity under pressure, the actual pressures in the film will be in- 
creased to p. These may be calculated from Equation [18] and 
are plotted in Fig. 5 for comparative purposes. The load per 
unit of width is therefore increased to W = 18,060 lb per in. as 
calculated from Equation [19]. Hence, with the same film form 
and under our assumed conditions, the pressure effect on viscosity 
increases the load-carrying capacity from 11,280 lb to 18,060 Ib 
or 60 per cent. 

Further study of the pressure curves in Fig. 5 shows that the 
pressure distribution is somewhat changed by increased viscosity 
under pressure. Hence the line of support is moved from Zz, = 
5.725 in. from Equation |7], to Z = 5.662 in. from Equation [21], 
or '/is in. in the direction of motion. With increased load the 
line of support will continue to move toward the trailing edge 
of the bearing until the limit is reached when F becomes infinite. 
Then z = 5.552 in., the total shift from z, being 0.173 in. or 4.3 
per cent of the bearing length. It therefore appears that the 
shift of the line of support is of little practical importance. 

The shearing stress at the moving surface, f,, for the case of 
constant viscosity may be calculated from Equation [9] and is 
plotted in Fig.6. The area beneath this curve is proportional to 
the total frictional force per unit width and from Equation [10] 
this is F, = 3.675 lb perin. Increased viscosity due to pressure, 
increases f, to f. Values of f in lb per sq in. may be calculated 
from Equation (22] and are also plotted in Fig. 6. From Equa- 
tion [23] the total frictional force per unit width is F = 8.907 lb 
perin. Hence, the increase in friction due to intensified viscosity 
under film pressure is 142 per cent. Therefore the pressure 
effect on viscosity increases the friction coefficient from \, = 
0.000326 to \ = 0.000493 or 51 per cent. 

Increased viscosity under pressure, at a given load, increases 
the film thickness, as shown in Fig. 7, in the case under discus- 
sion. When W = 18,060 lb perin., P, = W/4 = 4515 lb per sq 
in., and ho = 0.000268 in. Neglecting the pressure effect on vis- 
cosity, the minimum film thickness must be reduced 21 per cent 
to ho, = 0.000212 in., in order to carry the same load. The 
pressure curve for this condition, p,’, is plotted in Fig. 6 and 
compared with curve p clearly shows the difference in pressure 
distribution for equal load-carrying capacity. 

Constant film viscosity 4, = 63.9(10)~ is shown by the hori- 
zontal line in Fig. 8. Due to pressure the film viscosity will vary 
as shown by the curve u, plotted from Equation [1], for this 
particular case. From Equation [25] the mean viscosity is 
156.3 (10)-*, an increase of 145 per cent above the constant 
value. 

Recapitulating, the effects of increased viscosity due to pressure 
under the assumed conditions of bearing size, speed, and lubri- 
cant, and with a constant film thickness are: 


1 The load capacity per unit width is increased 60 per cent. 

2 The line of load support is shifted '/is in. in the direction 
of motion. 

3 The friction per unit width is increased 142 per cent thus 
increasing the friction coefficient 51 per cent. 

4 The mean film viscosity is increased 145 per cent. 


Variation of friction coefficient with load per unit area under 
the assumed conditions is shown by Fig. 9. These calculated 
results may be compared with the results for the 120-deg bearing 
shown in Fig. 2. The numerical values of calculated friction 
coefficient are lower than the observed values since the former are 
uncorrected for side leakage. It will be noticed, however, that the 
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trend of the calculated curve is the same as that of the observed 
curve and at the same values of load per unit area, the propor- 
tionate increase in friction coefficient, \/A, due to the increase in 
viscosity under pressure, is observed to be approximately the 
same as calculated. This is shown in Fig. 10. In practice, this 
increase is not as great at the higher loads as theoretically indi- 
cated. This is probably due in part to a reduction in viscosity 
caused by frictional heating and also to the various approxima- 
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tions entering the calculations. From a comparative viewpoint, 
however, it appears from Fig. 10 that the approximations on 
which the calculations are based do not introduce any serious 
errors, 

Friction coefficients shown in Fig. 2 are replotted in Fig. 11 
against the dimensionless variable ZN/P4. The observed curve 
is of the conventional form usually found when experimental data 
are so plotted. It will be noticed that at the higher values of 
ZN/P 4 the observed points seem to follow theoretical expecta- 
tions for a partial bearing by falling below a straight line. As is 
generally observed, there is a minimum point at the left and the 
usual upturn, but it should be pointed out that in this case the 
increase in friction at the left of the minimum point is not due to 
metallic contact but to increased viscosity under the pressures in 
the film. Observed points that have been omitted from this 
curve because of crowding will be found in Fig. 2. 


Tests With Various LUBRICANTS HAVING THE SAME VISCOSITY 
aT APPROXIMATELY THE SAME TEMPERATURE 


Three lubricants having approximately the same viscosity at 
100 F and atmospheric pressure, but known to have different vis- 
cosity-pressure coefficients, were selected for comparison under 
the same test conditions. Valvoline AAX (an uncompounded, 
paraffin-base mineral oil), and castor oil have nearly the same 
viscosity at 100 F. It was necessary to reduce the operating 
temperature to 94.5 F to bring glycerin to the same viscosity (11) 
as the two oils. 

The successful use of glycerin as a lubricant requires that like 
all other lubricants it thoroughly wet the bearing surfaces. 
This may be accomplished by scouring the surfaces with a paste 
made of fine washed emery and glycerin applied with a pad of 
gauze. Very little scouring is necessary and no appreciable 
amount of metal is removed by the emery. Naturally all traces 
of emery must be removed from the bearing surfaces by successive 
washings with clean glycerin. 

These tests were made with 120-deg bearings used in the test 
shown by Fig. 2. Journal speed was constant at 11.06 rpm 
(2.316 in. per sec) and the temperature in each test was held at 
the values previously given for the three lubricants. Variation 
of friction coefficient with load per unit area is shown in Fig. 12. 
With increasing load, the observed curves of friction coefficient 
reach a minimum and then begin to rise. The minimum point 
was not reached with glycerin but is quite apparent in the test 
with the mineral oil. 

Since the tests were made under fluid-film conditions and the 
lubricants had the same viscosities at atmospheric pressure, it 
would be expected that identical test conditions would result in 
the same friction-coefficient curve with each lubricant unless the 
operating viscosity was influenced by the oil-film pressures. 
From Fig. 12 it is seen that when the loads are comparatively 
light the pressure effect on viscosity is negligible and the friction 
is the same with each lubricant. When the load per unit area 
reaches 6000 Ib per sq in. however, the friction with the mineral 
oil is observed to be approximately twice that with glycerin. In 
the absence of metallic contact it appears that the lubricants no 
longer have the same viscosity at the elevated pressures in the 
film. The greater increase in the viscosity of the mineral oil 
above that of glycerin at the same pressure would of course result 
in higher friction. 

From the equations developed we may calculate the increase in 
friction due to the different viscosity-pressure characteristics of 
the three lubricants. These calculations refer to a plane block of 
infinite width and 4 in. long. Film thickness at the entering 
edge is assumed twice that at the trailing edge, hence b = 8 in. 
anda = 4in. Initial viscosity and speed are taken to correspond 
with the bearing tests and the results are plotted in Fig. 13. The 
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value of r for Valvoline AAX was approximated from the previ- 
ously mentioned Kiesskalt-type chart. For castor oil r was taken 
from Fig. 4 and for glycerin r was interpolated from data in (12). 
At the same loads per unit area the calculated values of friction 
coefficient are lower than the observed values since the former are 
uncorrected for side leakage. In addition to having the same 
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trend as the calculated curves, the observations show approxi- 
mately the same proportionate increase in friction coefficient at 
the same loads per unit area. Hence it again appears that the 
approximations on which the calculations are based do not seri- 
ously impair their utility. 

Observed friction coefficients plotted in Fig. 12 are replotted in 
Fig. 14 against the dimensionless variable ZN/P,4. Because of 
crowding in the region of the minimum points, it has been found 
convenient to omit some of the observation points from this chart 
but they may be readily found from Fig. 12. At the right of the 
minimum points the curves are not straight lines but are slightly 
concave upward. It should be pointed out that the upturn of 
the curves at the left of the minimum points is a viscosity-pressure 
effect and not an indication of transition from fluid to boundary 
lubrication. 

Further tests with the three lubricants of approximately the 
same viscosity at 100 F and atmospheric pressure were made with 
96-deg fitted bearings. The leading angle from the entering edge 
of the bearing to the point of load application was 60 deg. These 
proportions are theoretically correct for minimum-friction condi- 
tions and from (6) a curve may be plotted for constant viscosity 
at atmospheric pressure. This curve and the test results are 
shown in Fig. 15. The bearing width was reduced to 2.4 in. and 
the reduction in projected area made it possible to carry the load 
per unit area up to 14,000 lb per sq in. with the total load availa- 
ble. Steel bearings were substituted for bronze to give greater 
resistance to flexure at high loads. The layer of babbitt bearing 
surface was '/i. in. thick. The speed was increased to 83.4 rpm 
(17.47 in. per sec) to insure a fluid film at all loads. 

Relative positions of the test curves for the 96-deg bearings 
are in good agreement with those for the 120-deg bearings (Fig. 
12) and also with comparable results calculated for plane surfaces 
as shown in Fig. 16. It will be noticed that at higher loads, the 
friction with the mineral oil does not increase as rapidly as theo- 
retically indicated. No such departure from theory was ob- 
served with castor oil or glycerin. This is probably explained by 
the fact that the viscosity of the mineral oil increases much more 
rapidly under pressure than that of the other two lubricants and 
under heavy loads the greater increase in viscosity causes fric- 
tional heating resulting in an appreciable drop in viscosity. 
When taking observations the bearings were 


heated to a temperature somewhat above that of 
the test and then permitted to cool to the test 


0.0012 


00 


temperature. The machine was then started and 
the readings taken as quickly as possible. Hence 
a temperature rise in the film would not be im- 


ae 


mediately detected by the thermometers. Ex- 
cept with mineral oil at high pressures, the ob- 
served frictions are so low that the mean film 
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temperatures are thought to be substantially as 
recorded. 
Data for the 96-deg fitted bearings given in 
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Fig. 15 are replotted in Fig. 17 against the 
variable ZN/P,. The minimum point of each 
observed curve and the upturn at the left of 
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the minimum point, due to increased viscosity 
under pressure, are clearly defined. 
Further tests with the 120-deg fitted bearings, 


4 in. in diam and 4 in. wide, are shown in Fig. 18, 
where the lubricants compared are DTE light (a 
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Fig. 14 Variation or Friction Corrric1ent WiTH THE D1MEN- 


SIONLESS VARIABLE ZN /P 4 
(Data from Fig. 12.) 


mid-continent mineral oil) and olive oil. The 
viscosity of the mineral oil at 100 F was 
4.29(10) -* lb see per sq in., and that of olive oil 
at 115 F was 4.38(10) ~*, hence the tests were made 
at these respective temperatures. The curve 
\, refers to the 120-deg centrally loaded clearance 
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(ua = 38.5(10) ~¢ lb sec per sq in., U = 17.47 in. per sec, b = 5.816 in.,a = 
2.908 in.) 


taken from (13) and the value of r was interpolated from data 
given in (12). The test was run at 179.7 rpm and 81 F and the 
results are particularly interesting for the extremely low value 
of friction coefficient, \ = 0.000183, observed at 1500 lb per sq 

in. of projected bearing area. No attempt was 
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made to carry the load much beyond that at 
which the minimum friction coefficient was ob- 
served. In this test the pressure effect on vis- 
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cosity was relatively unimportant since calcula- 
tions for plane surfaces showed an increase in 
friction coefficient of but 8 per cent at Py = 1500 


Ib per sq in. 
Some unusually low values of observed friction 
coefficients, obtained with 120-deg fitted bearings 


4 in. diam and 4 in. wide, are shown in Fig. 22. 
The minimum values and the conditions under 


which they were obtained are given in Table 1. 


OILINEss 


Herschel (14) has defined oiliness as the prop- 
erty that causes a difference in the friction when 
two lubricants of the same viscosity at the 


temperature of the film are used under identi- 
cal conditions. Hersey (15) has pointed out that 
Herschel’s definition does not specify that the lu- 
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Fic. 17 VariaTION oF Friorion COEFFICIENT WITH THE DIMEN- 


SIONLESS VARIABLE ZN /P4 
(Data from Fig. 15.) 


bearing of minimum friction coefficient and represents optimum 
operating conditions for constant film viscosity. Comparable 
calculated results for plane surfaces of infinite width are shown in 
Fig. 19. Values of r for the two lubricants were found as before 
from the Kiesskalt-type chart. As in the previous cases, the 
trend of the test results is in accord with the calculations. 
Similar test results and calculations are shown in Figs. 20 and 
21, respectively, for kerosene. Viscosity data for kerosene were 


bricants must have the same viscosity at the 
pressure of the film and hence the difference in 
friction between two lubricants having the same 
viscosity at atmospheric pressure but having 
different pressure coefficients of viscosity, would 
be attributed to oiliness. 

The conditions under which the tests shown in Figs. 12 and 15 
were made entirely satisfy the requirements of Herschel’s defini- 
tion of oiliness. It is thought that the calculated results shown 
in Figs. 13 and 16 have satisfactorily shown the observed differ- 
ences in friction to be due to the different viscosity-pressure 
characteristics of the lubricants. From this one might hastily 
conclude that oiliness is simply a viscosity phenomenon; that the 
reduction in friction obtained by substituting a vegetable for a 
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TABLE 1 MINIMUM POINTS ON OBSERVED CURVES, FIG, 22 


Calculated 
Minimum Pa, lb Z, min film 
friction persqin. WN, Temp, Centi- ZN thickness, 


Lubricant coefficient atminX rpm F poises PA in. 


Olive oil 0.000304 4250 56.1 120 ed 0.365 0.000065 
Castor oil 0.000281 3800 11.06 135 91.1 0.265 0.000055 
Glycerin 0.000226 5500 11.06 120 98.7 0.199 0.000046 
Kerosene 0.000183 1500 179.7 81 1.83 0.220 0.000048 
0.0008; 
0.0007H+ 
5 0.0 
0.0004) 
z 
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5 0.000 
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Pa - LOAD PER UNIT AREA 
LB /sa IN. OF PROJECTED BEARING AREA 
Fie. 22 Some Unusuatty Low VaALves oF OBSERVED FRICTION 


COEFFICIENT 


(4-in. diam, 120-deg, centrally loaded fitted bearing, 4 in. wide, for speeds, 
temperatures, and viscosities, see Table 1.) 


mineral oil is due to nothing more mysterious than the fact that 
the viscosity of the vegetable oil increases less rapidly than that 
of the mineral oil under the elevated pressures in the film. It is 
known that the friction in a bearing running with a light mineral 
oil under conditions of incomplete film lubrication will be reduced 
by the substitution of a much heavier mineral oil. This reduc- 
tion in friction is thought to be due to greater separation of the 
bearing surfaces by the more viscous oil. Another known way 
to reduce the friction is to replace the light mineral oil with a fatty 
oil. In this case the reduction in friction could be attributed to 
the lower viscosity-pressure coefficient of the fatty oil. These 
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cases would seem to indicate that oiliness is simply a viscosity 
phenomenon. But on the other hand, it is equally well known 
that static friction is reduced by the so-called fatty oils, and under 
static-friction conditions, viscosity is thought to be inoperative. 

With reference to the true nature of oiliness, the experiments 
and calculations reported in this paper show that the phenome- 
non known as oiliness can be produced by the influence of pressure 
on the viscosity of lubricants. Apparently under other condi- 
tions, other causes can and do produce the same effects. 
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TABLE 2 LUBRICANTS USED IN THE TESTS 


pa/(10) ~¢ lb sec per sq in. 


(lb per sq in.) 


Trade name Crude 7OF 80F 100F 120F 130F 210F 

Atlantic superheat 

cylinder oil..... Penna. 766.4 185.8 63.9 8.4 0.0000755 at 130 =F 
Valvoline AAX.... Penna. 70.9 37.7 16.3 0.0000716 at 100 =F 
Castor oil......... 127.4 38.5 15.1 2.7 0.0000439 at 100 F 
Giyoerin.......... 113.0 31.0 14.3 0.0000172 at 94.5 F 
Socony-Vacuum Mid-con- 

DTE ee tinent 10.2 4.29 2.23 0.66 0.0000597 at 100 F 
12.1 5.9 3.36 1.13 0.0000334 at115 F 
Kerosene......... 0.306 0.216 0.163 0 0.0000325 at 81 F 
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Discussion 


Chain- or Traveling-Grate Stokers'’ 


C. J. Cottey.?. The author covers a number of critical con- 
ditions of design and application of stokers which the writer 
believes warrant further consideration and study. Briefly, these 
are: (1) The effect of long front or rear arches on solid-carbon 
loss in flue gases; (2) the solid-carbon loss in flue gases due to fine 
sizes of fuel when used with forced draft; (3) slagging of the first 
rows of tubes due to fine sizes of fuels, with ash having a low 
fusion temperature, when used with forced draft; (4) overfire 
air between 10 and 15 per cent; and (5) the minimum ash content 
of fuel. 

It has been the writer’s experience that when burning mid- 
western bituminous coals on chain grates all of these conditions 
can be either materially improved or aggravated by the firing 
methods employed; particularly, by the length of the fuel bed 
maintained. The writer believes that the length of fire is so 
important that it warrants further discussion and study. The 
writer is not familiar with operating conditions in all sections of 
the country, but in the Mid West it is standard practice to carry 
short fires when using chain-grate stokers and forced draft, with 
the fire burning out completely on about half of the grate length. 
The writer believes this practice is recommended generally by 
service engineers of stoker manufacturers. 

The writer saw recently a six-compartment forced-draft chain- 
grate stoker burning mid-western bituminous coal under several 
different conditions. The stoker was operated using the first 
three, the first four, and the first five compartments, respectively, 
with all other conditions held constant. With these three lengths 
of active fuel bed there was no perceptible change in ignition, 
grate temperature, or ash-pit loss; however, with the longer fire, 
the flame appeared to be shorter. The shorter flame, the lower 
pressures maintained in the first compartments, and the distri- 
bution of air over a larger portion of the grate area should result 
in less fine particles of ash and carbon being carried off the fuel 
bed, and consequently less slagging. 

No attempt was made to collect accurate data, but these 
observations lead the writer to believe that the author’s points 
previously mentioned can be influenced by changing the length 
of fire and the air pressure in the first and second compartments. 
The longer fire may not affect the over-all efficiency, but its effect 
on operation and maintenance deserves consideration. 


R.N. Ropertson.’ The author failed to include a recent type 
of stoker which does many things impossible with the older types 
and makes possible the burning of fuels which the older types 
cannot handle successfully. As a matter of fact, with a properly 
designed furnace, this later type of stoker can be used to burn 
practically any fuel available, including coke breeze and anthra- 
cite coal, without modification in either the stoker or the furnace. 
The stoker referred to is the Stowe stoker and experiments were 
carried out at the plant of the manufacturers, The Johnston and 
Jennings Company, Cleveland, Ohio, and at the Ohio Leather 
Company, Girard, Ohio. 


i Published as paper FSP-60-1, by Gosta Anbro, in the January, 
1938, issue of the A.S.M.E. Transactions. 


* Manager, Power Division, Monsanto Chemical Company, St. 
Louis, Mo. Mem. A.S.M.E. 


* Mechanical Engineer, 530 Fourth Avenue, Pittsburgh, Pa. 


It also takes care of what is probably the most troublesome 
characteristic of burning coal and the characteristic which more 
than all others determines the final stoker performance, that is, 
the shrinkage in volume of the fuel as it burns. Thus, it produces 
a fuel bed which is of almost uniform thickness from the point of 
entrance of the fuel into the furnace to the point at which the ash 
is discharged to the ash pit. The ash is practically free from 
combustible. 

In taking care of the shrinkage due to burning out the com- 
bustible, this stoker also accomplishes several other very de- 
sirable things: (1) It tends to reduce the formation of coke 
islands; (2) it practically eliminates holes with their attendant 
clinkers and produces an ash which is free from hard clinkers; 
and (3) it produces a fuel bed which is uniform, porous, and al- 
though relatively thick, requires a very low air pressure to give 
satisfactory and rapid combustion. These things are accom- 
plished without sacrifice of capacity and without loss in combus- 
tion efficiency. As a matter of fact, this type of unit will ordi- 
narily deliver more horsepower per square foot of stoker than 
the ordinary chain or traveling grate, and will deliver this added 
output at somewhat better economy. 

The performance of this unit as reported to the writer was so 
unusual and so extraordinary that it required considerable per- 
sonal investigation before the statements made concerning it were 
accepted as fact. During the course of these investigations, the 
writer burned successfully, one after the other, on the same stoker 
and in the same furnace, ordinary bituminous coal, coke breeze 
containing 0.3 per cent volatile matter, anthracite coal, and a 
hard-coking bituminous coal which swelled so much in coking 
that a fire originally 4'/, in. thick where it passed the feed gate 
was between 6 in. and 8 in. thick after it had fully coked. This 
unit handled all of these types of fuel perfectly at fuel-burning 
rates up to about 45 lb per sq ft of grate surface per hr, with ash 
which did not exceed 1 per cent of fuel as fired, and without 
clinkers. Incidentally, the hard-coking coal, which swelled, 
carried an ash which had a fusion temperature of around 1920 F. 
All of this was done on a refractory-lined furnace, without any 
water cooling, and at wind-box pressures from 0.3 in. to 0.63 in. 
water, maximum. Heat releases can be obtained with this unit 
running as high as 60,000 Btu per cu ft per hr in wholly refractory 
furnaces with no water cooling, other than a water-cooled bridge 
wall to prevent overheating the ash (not for protecting the re- 
fractory) and two or three rows of chills along the stoker line. 

One reason why these high heat releases are possible with this 
unit is the very low wind-box pressure required to burn the fuel; 
even at fuel rates of 40 lb per sq ft per hr, this seldom equals and 
never exceeds 0.8 in. water pressure. Since the majority of the 
destruction of furnace refractories is due either to direct im- 
pingement of a blowtorch flame upon the refractory or to the 
slagging and fluxing effect of ash carried in suspension by high- 
velocity flame jets and deposited on the refractory, the reason 
why the heat releases obtained with this unit are possible is quite 
apparent. The wind-box pressures are neither sufficient to cause 
a blowtorch flame nor to carry any except the very finest of 
dust into suspension in the furnace gases. Therefore, both the 
cutting and slagging out of the refractories are practically non- 
existent with this unit and much higher furnace temperatures can 
be readily utilized than could otherwise be tolerated. 

The wind-box pressures are so low with this unit that, as a 
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matter of fact, it has not been found necessary to provide trans- 
verse zones with different air pressures for ordinary operation. 
Where it is necessary to take care of wide variations in steam 
output over considerable periods of time, transverse dampers are 
sometimes provided. These are intended to effect reductions 
in the active grate area, and are not used as controls for limiting 
or controlling the excess air. 


R. Frank Houuts.‘ Only recently has new interest been 
taken in chain- and traveling-grate stokers, with resultant im- 
provement in both the furnace and mechanical details of stoker 
design. However, there are many who are still convinced that 
the chain-grate stoker is burdened with certain undesirable 
characteristics. Some of these characteristics are as follows: 


(a) Very slow in response to variable steam load. 

(b) Must have long front and rear refractory arches to pro- 
mote ignition and mix furnace gases to provide complete com- 
bustion. 

(c) That complete water-cooling is impossible so that certain 
refractory maintenance must be tolerated. 

(d) That reasonably high over-all efficiencies are very difficult 
to obtain, since installations, where air-preheaters and water- 
economizers are economically justifiable, require pulverized-fuel 
equipment even on Illinois inner-group coal ‘because chain- 
grate stokers are obsolete anyhow.” 


In 1931, the Alton Box Board Company installed a boiler with 
a heating surface of 10,140 sq ft equipped with a 16 X 19-ft 
forced-draft chain-grate stoker. The lower side wall was pro- 
tected by a fused-on “‘Armorclad”’ horizontal clinker chill. The 
arches and whole setting were of suspended-tile construction, 
with so-called “air-cooled” sections at the furnace hot zones. 
This unit was expected to operate continuously at a nominal 
boiler rating of 250 per cent on Illinois inner-group coal whose ash 
has an average softening temperature of 2050 F. Attempts to 
operate above an average rating of 150 per cent resulted in a 
miserable failure. The front tube bank would become choked 
with fused slag; the front arch nose would burn off completely 
in three weeks; molten slag fluxed with side-wall refractory and 
complete failure occurred in not more than 60 days; the rear 
arch tile spalled from repeated heating and cooling from alternate 
long and short fires; ignition was poor, and would be lost with 


4 Mechanical Engineer, Alton Box Board Company, Alton, III. 
Mem. A.S.M.E. 
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lineal grate speed faster than 3 in. per min; the chain ran hot 
with subsequent burning of the top surface of the links; and 
the unit required at least 15 min to pick up from 100 per cent to 
125 per cent rating without losing pressure. 

The unit was studied with instruments and observation doors. 
In spite of the data at hand it was difficult to eliminate the tradi- 
tional ideas. The furnace was changed one step at a time, the 
changes being shown in Figs. 1, 2, and 3 of this discussion. Fig. 
1 shows the original furnace of 1931. Fig. 2 shows the front arch 
shortened as of 1932. Fig. 3 shows the overhanging rear arch 
replaced with a more vertical design. At this same time the 
overfire air ports were changed from a round to a flat rectangular 
cross section. This work was done in 1934, and the furnace 
remains the same today. These changes provided (1) about one 
third of the slagging intensity for the same running time; (2) 
front-arch nose life of at least 18 months; (3) side-wall life of 24 
months; (4) a loss of but 15 tile from the rear arch; (5) satis- 
factory ignition, but not perfect, up to 4'/, in. per min; (6) 
a cooler chain, but did not stop burning of links; and (7) im- 
proved pickup about 75 per cent. 

In 1935 a second unit was ordered with a boiler and stoker 
almost identical with those used in the first unit. Certain stoker 
parts were made of chrome-iron or steel castings instead of cast 
iron, and the design of the internal seals was improved. The 
furnace was redesigned in accordance with our previous experi- 
ence, and is shown in Fig. 4. Experience with this design has 


TABLE 1 CHARACTERISTICS OF THE UNITS SHOWN IN 
FIGS. 1, 2, 3, 4, AND 5 OF THIS DISCUSSION 


Furnace number....... 1 2 3 4 5* 
Shown in Fig. no....... 1 2 3 + 5 
Grate area, sq ft....... 304 304 304 304 304 
Boiler area, sq ft....... 10140 10140 10140 10140 10140 
Waterwall area, sq ft... 120 120 120 980 1226 
Furnace volume, cu ft.. 1600 1800 2200 3400 5500 
Ratio of boiler area to 

33.30 33.30 33.30 33.30 33.30 
Ratio of boiler area to 

furnace volume. . : 6.32 5.62 4.60 2.07 . 1.8 
Ratio of furnace volume 

to grate area......... 5.29 5.92 7.25 11.10 18.10 


Ratios of furnace volume, 

furnace No. 1 taken as * 

100 per cent, per cent. 100 106 137 212 343 
Actual safe average con- 

tinuous load, lb per hr 43000 
Actual safe average con- 

tinuous load, per cent 

boiler rating......... 150 160 210 280 343 
Coal burning rate, lb per 


br per sq ft grate.... 20.60 21.50 30.20 41.70 49.20 
Unit furnace heat release, 
Btu per cu ft per hr.. 43000 39800 42000 40000 30000 
2 Proposed design to be installed in 1938, 
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Fig. 1 Fig. 2 


Fic. 1 Tae Oricinat BorLer INSTALLED AT THE ALTON Box 
Boarp CompaNny’s PLANT IN 1931 


Fic. 2 Mane 1Nn 1932 To THE SHowN IN Fie. 1 


Fie. 5 


Fig. 3 


Tue Wuaics Is to Be INSTALLED aT THE ALTON Box Boarp Company's PLANT 


Fig. 5 


Fie. 3 In 1934, THE DesiGgn SHOWN IN Fic. 2 Was CHANGED, RE- 
PLACING THE OVERHANGING Rear ArcH WITH A VERTICAL ARCH 


Fig. 4 


Fie. 4 Tue Seconp Unit INSTALLED AT THE ALTON Box BoarD 
Company's PLANT 
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been very gratifying. The double-staggered slag screen allevi- 
ates the choking problem. Each seven days slag is lanced with 
cold water from 16 doors located on two levels in the front wall. 
The front curtain wall still shows the Gunite material placed after 
the first run in 1936. The rear arch has cut a maximum of !/> 
in. from the original surface. The bolted-on armor blocks showed 
no burning in contrast with the other unit which has lost a 
number of blocks completely. The unit averages 280 per cent 
nominal boiler rating and has burned approximately 85,000 tons 
of Illinois inner-group coal. Furnace repairs made with plastic 
and gunite materials with labor total $115. Trouble with the 
left-side ledge plate has led to the replacement of side links at a 
total cost of $150. The chain runs about 120 F maximum tem- 
perature. The boiler is equipped with a filter-type baffle. At 
300 per cent rating the last pass draft is 0.8 in. water with 0.2 
in. at the furnace. This low draft loss provides astonishing 
flexibility, the unit having been forced on trial with a short fire 
from 160 to 280 per cent rating in 6 min with but a 5-lb drop in 
steam pressure from the normal 475 lb at the superheater outlet. 
The last pass averages 14'/; to 15 per cent CO, with but a trace 
of CO. 

A third unit is planned for 1938, and is shown in Fig. 5. 
This design is based on experience with the second unit shown in 
Fig. 4. Certain features are self-evident and others will be stated 
later. 

It might be interesting to review certain data obtained from 
actual operation of the furnaces shown in Figs. 1, 2, 3, and 4, and 
the expected performance of the future furnace shown in Fig. 5. 
Experience with these furnaces confirms but a few of the tra- 
ditional concepts for chain-grate-furnace design, but in general 
indicates a design yet considered radical. 

In the case of the furnaces shown in Figs. 1 and 2, operation 
was at 175-lb per sq in. gage, and has been revised to match the 
present operation at 490-lb per sq in. gage drum pressure of the 
furnaces shown in Figs. 3 and 4, and the proposed furnace shown 
in Fig. 5. The characteristics of the five furnaces are given in 
Table 1 of this discussion. These data, together with actual 
observation of furnace conditions, lead to the following con- 
clusions: 

(a) Unit heat release should be not greater than 30,000 Btu 
per cu ft of furnace volume per hr at maximum continuous rating. 

(6) Optimum furnace volume is about 18 cu ft per sq ft of 
grate area. 

(c) Ignition is best obtained with the absence of the tradi- 
tional front arch, since direct radiation will promote rapid ignition 
at all lineal grate speeds up to 8 in. per min. 

(d) With the exception of the front curtain wall, all other 
furnace surface should be water-cooled, using full stud with 
chrome-veneer for incandescence if required. 

(e) Bare-tube side waterwalls have no effect on ignition. 

(f) Bolted-on armor blocks have ample heat conductance 
through the cemented joint, and are preferable because they may 
be removed easily in case of tube repair or replacement. 

(h) The furnace should be wide open to permit either the 
long or short firing method to suit the fuel without blasting 
against a horizontal arch surface, and to keep the mean upward 
gas velocity a minimum. 

(t) Staggered-tube slag screens are not fully effective, and 
should be replaced with full-stud chrome-veneer design, which 
because of incandescent surface will collect fly-ash, cause it to 
become molten, and run to the rear where it may harmlessly drip 
onto the relatively inactive section of the grate. 

(j) Large furnaces must be supplied with overfire air via 
& series of small rectangular cross-sectioned jets, with static air 
pressures of not less than 15 in. water. The large furnace 
shown in Fig. 5 would require one set of nozzles in front and one 


at a higher level in the rear to provide a “‘rolling’’ action to pre- 
vent acute stratification with its subsequent secondary combus- 
tion in the superheater zone. The author’s value of 10 to 15 
per cent of the theoretical air required for the volume of over- 
fire air is in reasonable agreement with our standard of not more 
than 50 per cent of the allowable excess air. 

(k) Well-designed large furnaces leak but little air as the 
furnace shown in Fig. 4 operates at 0.2-in. draft with an average 
of 26 per cent excess air, the present overfire air jets introducing 
about half of this volume. 

(1) Furnace dimensions and contour should match the maxi- 
mum coal-burning capacity of the stoker. 

(m) Low-grade labor can be taught to operate efficiently with 
wide-open furnaces when the unit is properly provided with in- 
struments. The lack of operating instruments can affect any of 
the attempts to improve the fundamental design. 

It might be well to emphasize that all of the foregoing data 
and statements are based on burning Illinois inner-group coal 
of a grade known as “‘screenings.”’ 

Because of the lower unit power input required, and the much 
lower unit cost of maintenance per ton of fuel burned, together 
with the lack of severe fly-ash troubles, it is predicted that well- 
designed and operated chain-grate-fired units will be found prefer- 
able for coals of high ash content and low fusion temperature. 


AvuTHOR’s CLOSURE 


The author agrees with C. J. Colley that further study and 
consideration are warranted. The paper is only a summary of 
an extensive and controversial subject. The author believes 
that the only way to settle the various controversies would be 
to establish a fact-finding agency to compile and classify empiri- 
cal data and by analyzing these data to arrive at some general 
conclusions and some degree of standardization of operating 
methods and furnace design. As Mr. Hollis points out there 
has been lately a renewed, active interest in chain and traveling 
grates. If this interest is sufficiently widespread, a special 
A.S.M.E. committee may be justified. 

R. N. Robertson’s statement regarding a “recent type of 
stoker” is interesting. It is to be regretted that he did not in- 
clude a basic description of it so that it could be identified. If 
the claims regarding its performance are correct, this stoker may 
well be expected to eliminate chain and traveling grates as well 
as underfeed stokers from the market in the future. 

R. Frank Hollis’ characterization of his furnace development 
as “radical’’ is hardly justified. The wide-open furnace was 
quite popular in some localities 10 or 15 years ago and completely 
water-cooled furnaces have been used in connection with chain 
grates for about 10 years. Against Mr. Hollis’ experience lead- 
ing to a wide-open furnace the author can cite the installation of 
a long rear-arch furnace in 1934, burning western Kentucky 
screenings. The results are such that the design has been dupli- 
cated in plants of other companies. These conflicting experi- 
ences emphasize the need for “comparing notes” from a great 
number of individual plants in order to reach general conclusions. 

Mr. Hollis’ mention of refractory-covered slag-screen tubes is 
novel to the author and a detailed report of results with and 
without covering would probably be of interest to engineers. 


Small Underfeed Single- Retort 
Stokers' 


W. J. Kina.2 The author states that the trend in blower de- 


1 Published as paper FSP-60-2, by B. M. Guthrie, in the January, 
1938, issue of the A.S.M.E. Transactions. 

2 Design Engineering Division, Air Conditioning Department, 
General Electric Company, Bloomfield, N. J. 
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sign is toward the use of lower air resistances and pressures, and 
the securing of the necessary control of air volume by the use of 
automatic air-volume regulators. While this may control the 
total volume of air delivered to the burner, is it not true that the 
use of high-resistance tuyére port openings is considerably more 
effective in controlling the distribution of air flow through the 
fuel bed? 

With reference to coal-hopper design, the statement is made 
that the hopper should be made of suitable material to with- 
stand corrosion. The writer would like to know what materials 
have been found suitable. Have any satisfactory coatings or 
finishes been found which can be applied to ordinary sheet steel? 

It appears that most stoker manufacturers do not supply auto- 
matic ash-removal equipment for bituminous stokers although 
such equipment is available for anthracite. What are the reasons 
for this? Is there any hope for a satisfactory solution to the 
problem in the case of bituminous stokers? 

Is it generally felt that satisfactory combustion control can 
be obtained with fixed adjustments of air and coal feeds? It 
would appear that much better results could be obtained if one 
of these variables, say the coal feed, were controlled automati- 
cally in some manner so as to maintain a proper balance to avoid 
wide variations in such factors as CO, and ashpit loss. Is this 
considered worth while? 


R. C. Cross. The author makes several statements in re- 
gard to combustion rate and grate area which might be misin- 
terpreted. He states: ‘For short or infrequent peak loads a 
higher maximum combustion rate can be tolerated that can be 
maintained constantly. On a straight heating job where maxi- 
mum-load conditions are encountered only a few days per year, 
grate area should be based on average-load conditions.” 

Where this theory is carried into practice, the possibility exists 
that the following difficulties may be encountered: Increased 
fuel-bed temperatures may result in excessive clinkering of the 
ash. If the combustion space were at all limited, the increased 
rate of combustion would result in improper combustion and the 
production of smoke. This condition may be sufficiently ag- 
gravated as to result in little or no gain in the heat transferred to 
the heating medium. 

For these reasons it is questionable if the following statement 
by the author can be justified: ‘“Thus, on a heating load, the 
setting should be designed for a normal heat release under average 
operating conditions. If adequate for such conditions, it will 
be satisfactory under short-time heavy-load conditions imposed 
during pickup and extreme weather conditions.’’ Since the real 
measure of a heating system is to perform satisfactorily under 
extreme weather conditions, all factors of design and application 
should be made to conform to such conditions. 

In discussing factors influencing furnace design, the author 
points out the deleterious effects of excessively high heat release 
which may be considered as further substantiation of the need 
for the design of the grate or hearth area, combustion space, and 
other items based upon maximum-load conditions. 


H. E. Wivkier.‘ It has been the writer’s experience that 
overfeed methods of stokering boilers on which the load varies 
considerably is, on occasion, conducive to stack smoke. The 
elimination of stack smoke is one of the strong arguments favoring 
the general adoption of underfeed stokers in small and inter- 
mediate plants. 

It has also been the writer’s experience that in the coal distri- 


3? Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. 
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bution in retorts for stoker classes 3 and 4, no small percentage 
of the difficulty has arisen trom the design of the feed screw which 
protrudes into the retort. Wherever variable-pitch screws have 
been employed in which the length of the secondary- or coarse- 
pitch section is appreciably greater than the length of the pri- 
mary-pitch section, there is difficulty of recirculation in the re- 
tort. This is caused by the fact that the capacity of the coarse- 
pitch screw is such that the screw is filled only partially at the 
point where it emerges into the retort. The coal in the retort 
drops back into the unfilled screw, thereby producing, in opera- 
tion, a circulation within the retort. The larger freer-burning 
pieces of coal concentrate at the retort over the screw. The 
smaller slower-burning coal, including particles of nonconibusti- 
ble such as sand or clay, concentrate at the opposite end of the 
retort. In addition to this coal segregation, there is a tendency 
for a hole to be developed at the screw end. This condition can 
be alleviated, with considerable increase in combustion efficiency, 
either by eliminating the variable-pitch screw and using a screw 
which has a uniformly fine pitch on its entire length, or, when 
the variable-pitch screw is used, by minimizing the change in 
pitch lengths. In the writer’s opinion, based on considerable 
research and field work, the pitch of any coal-feed screw should 
never exceed the screw diameter. Excessive pitches with rela- 
tion to screw diameter are conducive to excessive “slip,’’ which 
results in packing, and tight feed screws. 

While alloying of tuyére parts to minimize oxidation, car- 
burization, and growth is highly desirable, the writer has found 
that the distribution of metal to allow rapid heat flow away from 
hot spots is extremely important on tuyére design, 

When, in the design of a small-stoker gear-type speed reducer, 
thought is given to the efficiencies of the thread angle employed 
on the initial worm reduction, remarkable improvements result 
both on the over-all efficiency of the gearbox and on its starting 
characteristics. Many stoker gearboxes built today employ 
thread angles on the worm of between 6 and 8 deg with efficien- 
cies of from 40 to 60 per cent in this particular set of gears. Thread 
angles of 17 to 45 deg produce efficiencies of 80 to 90 per cent. It 
seems in order that this point should be mentioned because of 
the many advantages resulting from the use of more efficient 
worm-thread angles. 

The author has solved many problems of setting heights. 
For some reason, this matter has been highly controversial be- 
tween stoker installers and authorities in charge of the reduc- 
tion of atmosphere pollution. 

In connection with the design of bridge walls, the writer has 
found it desirable to incline the firebox side of the wall so that 
reflection from it is angled upward. This method loses none of 
the ignition advantages of the radiant heat from the bridge wall, 
but does tend to reduce firebox temperatures with accompanying 
beneficial results to firebox lining and parts. 


R. N. Roperrson.' The writer’s discussion is based on 
personal experience with a small underfeed stoker now entering 
its fourth year of operation. This unit is installed in a 21-in. 
diameter firepot, and has a maximum coal-feeding capacity of 
25 lb per hr, although at this capacity it will not perform satis- 
factorily; however, it has not been found necessary, except in 
very rare instances, to raise the feed above 12'/, lb per hr. 

This stoker is of the automatic ash-removing type, and burns 
bituminous screenings from the Pittsburgh District. This com- 
ment is made because in one of the previous discussions it was 
asked whether or not there had been developed a small bitumi- 
nous-burning stoker with continuous automatic ash removal. 
The ash-removal unit has functioned continuously and effectively, 
and has prevented the formation of clinkers. The writer has 


’ Mechanical Engineer, Pittsburgh, Pa. 
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used a wide variety of fuel sizes with this stoker, and finds that 
there is little to choose between the performance of 1-in. minus 
coal and the more closely sized materials, such as | X '/¢in., 
X #/ein., or X 3/¢in. coals. 

Regarding the oiling or waxing of the fuel, the writer has 
found that such treatment is not warranted, except for elimi- 
nation of dust of fine coal. The application of wax for dust- 
control purposes makes the coal somewhat harder to ignite and 
makes it more difficult to maintain a very low fire during warm 
weather. It also tends to produce harder and more dense coke 
trees. However, this may be a peculiarity of the individual 
installation and may not be common experience. 

There is, in the writer’s opinion, a wide field for the improve- 
ment of controls for small stokers. The controls being used by 
the writer at present have been evolved through four years of 
trial and error, and they now work satisfactorily except when 
initially heating a cold house, when they are somewhat slower 
than is desirable. The controls consist of a house thermostat 
and two motor-driven timers. One of these timers has four 
contact points in 30 min, the duration of contact being adjusta- 
ble, to give a maximum of about 3 min per contact. This 
unit is connected into the circuit with the thermostat so that 
the stoker does not run continuously when the thermostat is 
calling for heat. The other unit has one contact in 15 min, 
and is maintained entirely for “hold-heat’’ service; it is so con- 
nected that when the thermostat is calling for heat the contact 
is not operating. The contact interval on this second unit is ad- 
justable from zero to approximately 7!/; min, and it has not been 
found possible to cut the firing interval below 2'/, min when a 
fire is to be maintained over a long warm spell. A dome switch 
for limiting air temperature, and a stack switch for shutting down 
the stoker when the fire goes out, complete the control instal- 
lation. 

Some method of introducing air into the center of the coal 
stream near the ignition line of the retort is going to be impera- 
tive if satisfactory small-stoker operation without coke trees and 
their attendant troubles is to be realized. The scheme for ad- 
mitting air to the center of the coal stream must involve a cer- 
tain amount of motion of the air-feeding equipment in order to 
gently loosen the rather densely packed fuel at the center of the 
bed, thus permitting a ready flow of air from the air-supply 
source. 

The beneficial action of an agitator is primarily due to the 
loosening effect in the bed and the formation of a channel into 
which the air can percolate and from which it can escape more 
readily than through the main portion of the fuel bed. This 
results in burning at the center of the column, and the writer 
suspects it is accompanied by the formation of a coke ring rather 
than a solid coke tree. With an agitator unit, considerable com- 
bustion takes place at the center of the coal stream, which 
combustion may be at a rate exceeding that at the outer cir- 
cumference of the stream; this is an observation the writer has 
made from viewing illustrations of fire from a stoker equipped 
with an agitator unit. 


J. F. Barkuey.*”? The author gives important information 
on proper setting arrangements for the small stoker. Under the 
general scheme of merchandising such stokers, many errors were 
made in the setting arrangements, particularly during the early 
history of their marketing. Difficulties brought on the realization 
of this fact, and improvements in personnel training methods in 
the various organizations, have greatly helped this condition. 


* Supervising Engineer, Fuel Economy Service Section, U. S. 
Bureau of Mines. Washington, D.C. Mem. A.S.M.E. 
’ Published by permission of the Director, U. S. Bureau of Mines. 


The paper states that tuyére construction details are impor- 
tant. It is believed that the importance of tuyére construction 
and arrangement was rather slow to be realized by designers. 
The problem was considered from a mechanical-engineering 
standpoint, largely to the exclusion of any combustion engineer- 
ing. Many foundries started making stokers without realizing 
the need of any combustion-engineering knowledge. Even now, 
with the knowledge of tuyére design and arrangement much 
better developed, there is considerable hesitancy in utilizing such 
knowledge, due to the desire of the manufacturer to keep down 
as many variables as possible and thus, at least apparently, im- 
prove economics. Choice of tuyére design and arrangement are 
especially affected by the amount of caking of the coal, par- 
ticularly for the larger sizes of the small-stoker group. The 
writer recalls when one of the first small stokers coming out of 
the West was installed in Washington, D. C., where a low-volatile 
heavily-caking slack coal had to be burned. Difficulties caused 
the chief engineer of the company to make a personal study of 
the case. 

As a result, he was about ready to give up the attempt to 
make the stoker handle such coal. Since that time there has 
been much development in tuyére arrangement. As another in- 
stance, a manufacturer sent a small side-dump stoker into the 
territory just mentioned. A grate bar was designed that, it was 
believed, would surely solve the difficulty of the burning of the 
nose of the bar when using caking coals. The bar ended in a 
blunt nose about 2!/2 in. high, with a tuyére opening through the 
nose for air cooling the bar and completing combustion. It was 
found that this air opening created an ideal condition for burning 
off the nose because the coal would cake heavily over the nose 
and the air would come through the tuyére, blow against the 
hot coke, and then be turned back against the nose, burning it 
rapidly. The solution of this particular problem was to use a 
bar ending in a tapering nose about */, in. high, having no air 
opening. This is illustrative of several such experiences with 
the small side-dump stoker in the attempt to use various theoreti- 
cal schemes of air cooling. Various types of motion of the bar 
when burning heavily caking coals have usually proved ineffec- 
tive. There appears to be considerable improvement that can 
yet be made in the tuyére design and arrangement, and possibly 
also in the addition of means for agitation in the small resident- 
type stokers, particularly in regard to the building up of coke 
trees. 

In Table 1 of the paper, the line of figures called ‘““Minimum 
combustion rate, lb per hr’ apparently is really the maximum 
combustion rate the stoker can carry at full feed with the maxi- 
mum grate area assigned to it. The maximum combustion 
rate listed for the class 3 and 4 stokers appears quite high from 
an operating standpoint. The maximum rates run from 38 up to 
56 lb of coal per hr per sq ft of grate area. The writer asks 
why this particular factor should increase with the size of the 
stoker, for example, with stokers of capacities of 700 and of 1200 
Ib per hr. 


AuTHOR’s CLOSURE 


The discussion of the paper has been very gratifying to the 
author in view of the interest it discloses. In considering the 
statements and data presented in the paper, it must be kept in 
mind that the factors of economic expediency and the physical 
limitations of the furnace equipment to be served has, in many 
instances, been the controlling influence in determining standard 
practice. The first essential of the successful small-stoker in- 
stallation is that it be easy to operate and mechanically reliable 
in performance. Other factors, although important, are of 
secondary consideration. ; 

With reference to the remarks made by Mr. King pertaining 
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to controlling air distribution through various portions of the 
fuel bed by employing tuyére construction of high resistance to 
air flow, the author feels that this solution does not result in 
sufficient advantage to compensate for increased power con- 
sumption, noise of operation, and increased fly ash. It is to be 
borne in mind that this remark applies only to stokers within the 
scope of this paper, and particularly to the smaller sizes of this 
bracket. 

In noting the remarks of Mr. Cross the author is reminded of 
a personal experience resulting from a stoker-dealer’s zeal for 
doing the same thing Mr. Cross suggests—providing theoreti- 
cally proper combustion volume for the maximum burning rate 
that could possibly be imposed. The dealer was called upon to 
stoker a cast-iron, sectional boiler. Upon checking the load 
demands, he found that a stoker of about 350 lb of coal-feeding 
capacity per hour would be required to handle the job. He had 
read some place that it was always good practice to install an 
amply large stoker, and that, if possible to do so, a stoker should 
be selected of one size larger than the smallest stoker that would 
carry the load. He, therefore, selected a stoker having a feeding 
capacity of 500 lb of coal per hour. He then determined that 
the coal available had a heating value of about 14,000 Btu per lb. 
He calculated the size combustion chamber that would be re- 
quired to insure that the maximum heat release would not ex- 
ceed 60,000 Btu per cu ft with the 500-Ilb stoker. It was, of 
course, impossible to change the physical proportions of the 
furnace of the boiler, so his only means of providing additional 
furnace volume was to dig a pit under the boiler, which he pro- 
ceeded to do. 

Upon arriving at the scene of the installation, in reply to a 
most urgent call for help, a plank was placed for me across the 
pit to stand upon while looking in the firing doors. The plank 
did not touch the top of the hopper of the stoker. The result of 
this installation was that excessive furnace temperatures made it 
impossible to clean the clinkers from the fire and also caused pro- 
hibitive maintenance, and although the combustion efficiency of 
the installation was probably good, the efficiency of the boiler 
was greatly reduced as it was not designed to absorb the heat 
from the products of combustion by convection, but rather from 
the fuel bed by radiation. The heat loss through the refractory 
setting, and the stack loss, combined to make a completely un- 
satisfactory installation. 

The rules and data outlined in this paper are not alone the 
opinion of the author, but a consensus of opinion of those assist- 
ing in the preparation of the paper. As previously mentioned, 
many of the rules are dictated by economic expediency and 
satisfactory mechanical operation rather than combustion ef- 
ficiency alone. The data are intended to portray a practice that 
will give the most satisfactory installation of small stokers under 
existing boiler equipment for heating loads. It is to be noted, 
however, as indicated in the body of the paper, that if the 
stoker is to be used for a power load, consideration is given to 
peak-load conditions both as to frequency of occurrence and 
duration. 

Where peak-load operations occur daily, peak-load conditions 
must be the basis of design, but if peak load occurs only for 6 or 
8 days in the year, the design is determined by the normal full- 
load output. 

It is felt that the remarks of Mr. Cross are timely for central- 
station operation, or for power loads generally, but do not have 
application in the field of the small stokers when they are applied 
to normal heating loads. 

The author concurs in the thoughts which are expressed by 
Mr. Winkler, and has found the experience of Mr. Robertson 
interesting. 
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Selection of Coal for Pulverized 
Firing’ 


Arruur T. Hunrer.? The author indicated that the fly-ash 
characteristics from different coals vary widely, and that a 
much greater fly-ash loss would reasonably be expected from a 
coal whose particles swell into little balloons which offer the 
maximum volume and surface for a given weight. He further 
states that it is hoped that additional light on this subject. will 
be offered by those having more information available. 

While a great deal of detailed evidence is at hand relative to the 
actual fly ash produced in many specific cases, the effects of such 
factors as pulverizer performance, burner design, and furnace 
design and operation are so varied that it is difficult to compare 
these data. 

The writer believes that much better performance would be 
obtained from pulverized-coal-fired equipment if users would 
consistently sample at regular intervals the flue gas leaving the 
steam-generating unit at some convenient point in order to ob- 
tain a reasonably true fly-ash sample for examination and study. 
It has been the writer’s experience that the carbon loss in fly ash 
from pulverized-coal-fired boilers is of much greater magnitude 
than is ordinarily realized. Much can be done to reduce this 
carbon loss by changing operation, improving the burners, or 
changing the coal, based on the study of the fly-ash samples 
taken. It is now more or less standard practice to sample the 
pulverized coal for fineness as it leaves the pulverizer, whereas, 
in the writer’s opinion, there is much more to be gained by check- 
ing consistently the discharged fly ash. A relatively simple 
adaptation of the ““Bagtest Dust Sampler” method used in taking 
samples for the absolute determination of collector efficiencies 
could be used for obtaining samples which would give results of 
sufficient accuracy for comparative purposes. 

The writer ventures the opinion that the engineer responsible 
for the operation of pulverized-coal equipment will in average 
cases be shocked to discover the true character of the fly ash 
leaving his equipment, in so far as it is an indication of an intol- 
erable and unnecessary carbon loss. 


C. A. Reep.* In connection with the author’s remarks on 
grindability, the Babcock & Wilcox Company through Hard- 
grove’s work does deserve credit for attempting to classify coals 
as to grindability, but since the author mentions that producers 
should list their index along with their analysis, the writer would 
like to remind this group that at present there is considerable con- 
troversy regarding the proper methods of obtaining proper in- 
dexes. Hardgrove and the U. S. Bureau of Mines have quite 
different viewpoints, both of which appear to have merit; but, 
since the A.S.T.M. has not accepted either as standard and since 
many pulverized-coal users disagree as to which is correct and 
many coal producers are in the same category, the writer be- 
lieves that the coal or the consuming industry should not accept 
any present method as a standard. Indexing by the use of 
increased surfaces seems to be the only common ground so far 
accepted. 

In mentioning the values and advantages from a capacity 
standpoint, it appears that the author would assume grinding 
both low- and high-volatile coals to the same fineness or let us say 
the same per cent through a 200-mesh screen. In so doing, the 
mill capacity, maintenance and power consumption would be 
considerably in favor of the 20 per cent or lower-volatile coals over 


1 Published as paper FSP-60-3, by B. E. Tate, in the January, 1938, 
issue of the A.S.M.E. Transactions. 

2? Manager of Sales, Hudson H. Bubar, New York, N. Y. 
A.S.M.E. 

3 National Coal Association, Washington, D. C. 
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the 30 per cent or higher-volatile coals, if other engineering items 
were favorable to both coals. It has been stated in the paper 
that reference to Nusselt’s table shows that ignition velocity and 
complete combustion time are dependent on the diameter of the 
particles of coal. This writer has noted over a period of the last 
several years that there seems to be a consensus of engineering 
opinion that the higher the volatility of the coal the less percentage 
is required through a 200-mesh screen as compared to low-vola- 
tile coal and still maintain the same balance of unburned carbon 
and flame efficiency. Therefore, perhaps, Nusselt’s table might 
later be changed to read the diameter of the carbon rather than 
the total coal, since it is known that the volatile does flash off 
almost instantly and leave a smaller particle to burn more slowly. 
Under this condition it might be found that some more relative 
capacity could be considered between high- and low-volatile coal 
if burning efficiency were included. Assume that to burn 18 per 
cent volatile we establish grinding to 80 per cent through 200 mesh 
and with 33 per cent volatile grinding to 65 to 70 per cent through 
a 200 mesh. Under these conditions, capacity, maintenance, 
and power consumption may have a new relation, one coal to the 
other. It is known that such operating conditions now prevail 
in certain large plants. 

It should be noted in connection with treating coal for 
dust nuisance, that the present program being conducted by 
Bituminous Coal Research, Ine., and certain oil producers and a 
manufacturer of pumps and spray nozzles with the facilities 
available at Battelle Memorial Institute, shows that past fine- 
coal treatment was by rule of thumb method —-many times with 
improper oils and excessive but improper application. The 
program now in its tenth month has found a way to treat fine 
coals properly where necessary. 


E. H. Tenney.‘ While the writer can think of one or two 
characteristics of coal selected for pulverized firing which the 
author has not discussed, such as the fine-dust content of coal 
affecting the loss of fuel in a flue-gas drier, and the tendency of 
some coals to fire in driers or coal-storage bins, he has covered 
the more important items thoroughly; however, the writer can 
cite some specific cases in the operation of Cahokia Station of 
the Union Electric Company at St. Louis, Mo., which may be 
of interest. 

Use Value. The importance of the use value of coal was 
definitely demonstrated at Cahokia Station during the past 
six months while the steam-generating plants of our system were 
required to carry heavy loads to back up water power more 
strongly than previously. Normally, Cahokia burns the regular 
run of coal produced by near-by Illinois mines having an as- 
received proximate analysis of 11 per cent moisture, 37 per cent 
volatile, 40 per cent fixed carbon, and 12 per cent ash; it contains 
2.7 per cent sulphur, and has a heating value of 10,800 Btu per 
lb. With this coal the plant could deliver what may be termed 
normal peak outputs running in the neighborhood of 4,150,000 
kwhr per day. During July, August, and September it was 
desired to increase the steam-plant output by 350,000 kwhr per 
day. This could be accomplished by either increasing the out- 
put at Cahokia by 350,000 kwhr or starting up a stand-by plant 
that would have a fuel rate on the order of 10,000 Btu higher 
than the marginal Btu rate per kwhr of Cahokia. The pul- 
verizing equipment at Cahokia, however, could not handle suf- 
ficient coal of the normal type to produce the additional 350,000 
kwhr, so it was decided to provide a grade of coal that would 
permit producing the extra generation. Accordingly, during July, 
August, and September, coal with an as-received proximate 
analysis of 10 per cent moisture, 33 per cent volatile, 45 per cent 


‘Chief Engineer of Power Plants, Union Electric Company 
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fixed carbon, and 12 per cent ash was delivered to Cahokia; it 
had a heating value of 11,100 Btu per lb and contained 1.9 per 
cent sulphur. With this coal, the daily output of the plant 
reached 4,500,000 kwhr with no more difficulty than ex- 
perienced in producing 4,150,000 kwhr. This is particularly 
interesting because the increase in heat value of the coal alone 
would have permitted picking up only one third of the added 
load. 

The change permitted greater tonnage output per mill and 
this in turn materially increased what may be termed the Btu 
output per hour of each mill. In addition to this gain in capacity 
it was possible to obtain better combustion conditions in the 
furnaces primarily due to reduced slag and ash-handling troubles. 
This unquestionably proved to us the use value of coal and in our 
case resulted in a substantial monetary saving. 

Heat Content. Our experience in the matter of the heat value 
of coal leads to the conclusion that it cannot be directly trans- 
lated into monetary value because any appreciable spread in heat 
value is usually accompanied by other inherent factors that 
change the value of the coal in other ways. The usual analyses 
of coal do not reveal these other differences which are probably 
more important when burning coal in the pulverized form than 
in any other manner. Therefore, it would appear desirable to 
include more items in the analysis of coal than has been generally 
practiced in the past and such information, to be of practical 
value, should be in the plant-operator’s hands the day the coal is 
burned and not several weeks later. 

Grindability. Experience with unit mills has definitely proved 
the effect of variances in grindability. Our experience indicates 
that there are wide variations in the life of certain mill wearing 
parts on three different grades of Illinois and West Kentucky 
bituminous coal. It is quite likely that the statement that a 
readily friable coal will result in one third the wear compared to 
extremely hard coals, is well in order. 

Volatile Content. Our experience in this respect when com- 
paring West Kentucky coal with Kathleen coal is that the West 
Kentucky coal, which is lower in volatile content, is much more 
difficult to pulverize. This is not in agreement with the authors’ 
statement: ‘‘Low-volatile bituminous coals generally are friable 
and easy to pulverize.”” This tends to indicate that theories ap- 
plying to eastern coals cannot be applied to mid-western coals. 
The effect of volatile content on the combustion process can be 
compared with eastern coals, and our experience is in agreement. 

Moisture Content. Our experience with mid-western coal is 
that coal up to 11 per cent moisture can be handled readily by 
unit mills without the use of preheated air; however, the use of 
preheated air materially increases the capacity and fineness of 
grind. Coal with more than 11 per cent moisture will begin to 
reduce capacities severely and reduce the fineness. At about 
13 per cent moisture content the mills will be subject to plugging 
and must be operated as much as 20 per cent below rated ca- 
pacity if plugging is to be avoided. 

Slack coal of about 11 per cent moisture interferes with feeder 
operation and flow through bunker-feed pipes and feed hoppers. 
The most severe case in this respect is slack with 11 per cent 
moisture containing a large percentage of fines passing through 
a '/ in. screen. 

With respect to ignition, wet coal is difficult to keep ignited 
particularly in that the flow from the pulverizer is not constant. 
Preheated air assists materially in correcting this difficulty. and 
air of even as low as 200 F is of considerable help. 

Ash-Fusion Temperature. Ash-fusion temperature of coal as 
stated by the author is an important factor and plays an impor- 
tant part in the use value of coal. As he states, low-fusion ash 
has detrimental effects on boiler performance that are cumu- 
lative and will eventually take boilers out of service either due to 
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draft loss or due to failure of some part of the furnace or boiler. 

For dry-bottom furnaces it is not necessary to resort to coals 
with ash-fusion temperatures over 2500 F; coal with ash-fusion 
temperatures between 1900 or 2000 F is usable even in large 
furnaces. Although maximum hot-spot temperatures in the fur- 
nace will reach 2700 to 2800 F if the coal particles are completely 
burned, there should be no slag trouble with ash having a fusion 
temperature of 2500 F. If coals with low ash-fusion tempera- 
tures are the only ones available, then the furnace design should 
be such that furnace temperatures do not exceed, say, 2300 F. 
In our experience, this low temperature may actually be bene- 
ficial, contrary to generally accepted ideas that maximum tem- 
perature is required for the best combustion. 

Ash Content. High-ash coal as stated will retard combustion 
and will in all probability increase the fly-ash combustible loss 
due to the ash preventing the carbon from becoming completely 
consumed. This would indicate that high-ash coals should be 
pulverized to a higher degree than low-ash coals. Ordinarily 
they are both pulverized the same degree; hence, it may be de- 
sirable to investigate this matter to prove or disprove the theory. 

Size of Coal. Our experience relative to the size of coal as it 
affects pulverizer performance is that the feed mechanism per- 
forms the best with 1'/2-in. screenings with a well-balanced 
proportion of the 1'/;-in., l-in., 1/2-in., and smaller sizes. 
Feed rolls give a much higher degree of uniformity of feed, 
and the feeding of coal through feed pipes and chutes is 
much more satisfactory with this size than with smaller sizes. 
The well-balanced 1!/:-in. screenings can be controlled well with 
a very wide range of moisture content, whereas !/,-in. screenings 
or slack becomes very difficult to handle when containing more 
than 10 per cent moisture. 

Foreign Material. Mills of recent design provide protection 
against ferrous and nonferrous particles that are small enough to 
pass through the feeders, and therefore are not subject to com- 
plete wreckage of internal parts. The feeders themselves are 
now being built with thought given to easy access for removal of 
foreign material too large to pass through them. Shear pins or 
belt drives are also provided to prevent feeder damage due to 
foreign matter. Other foreign matter such as boards, paper, and 
batches of straw are a definite nuisance and should be prevented 
from entering coalbins that feed direct to pulverizers. Coal 
pipes leading from bunkers to even the smallest mills should not 
be less than 10 in. diameter, and should be larger if permissible. 


Ouuison Craic.’ The author has listed the more important 
characteristics of coal and has indicated how each of these char- 
acteristics may affect the over-all cost of power-plant operation. 
He has indicated how to evaluate each of these characteristics, 
and thereby be able to select from the number of coals which 
might be available to a particular plant, the coal which would 
result in the minimum power-plant operating cost. The treat- 
ment of the subject provides a means of analysis which can be 
used by any engineer responsible for the selection of coal for his 
power plant. 

The author states: “Contrary to the rather widely held im- 
pression that any kind of coal is suitable for pulverized firing, as 
much difference can be obtained between the use of a suitable 
and an unsuitable coal with pulverized-coal-firing equipment 
as with the average stoker.” He also states: ‘““Nor do I know 
of any pulverized-coal installation anywhere which will handle, 
with equal success, any coal mined.’ It is true that all coals, 
even all bituminous coals, cannot be burned with equal success, 
either by stoker firing or by pulverized-fuel firing. This is true, 
whether we are considering a single existing installation, or 
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whether we are considering all designs that might be made to 
meet specific conditions. However, if we take the best that can 
be obtained, both by pulverized-fuel firing and by stoker firing, 
there will be less spread in the success obtained as between the 
various coals when pulverized-fuel firing is used, than would be 
obtained by stoker firing. Many of the characteristics of poor 
coal, which inherently result in lower over-all efficiencies with 
stoker firing, have no effect whatever when fired in the form of 
pulverized fuel. For example, low-grade Iowa coals can be 
burned as efficiently as high-grade Pocahontas coal, regardless of 
the large difference in ash content, grindability and heat con- 
tent, except for the differences in unavoidable losses, due to such 
things as hydrogen content. However, the design of an instal- 
lation to take the maximum advantage of a low-grade Iowa fuel, 
would be different from a design for taking maximum advantage 
of Pocahontas coal. 

Fortunately, most plants are so located that they are not under 
the necessity of making selections between coals varying greatly 
in their characteristics, such as the difference between Pittsburgh 
District coal and New River coal from West Virginia. If a plant 
be so located that the coals which may be available in its market 
cover a wide range of characteristics, the engineer of the plant 
certainly has a far greater problem than if the coals normal to the 
market are more restricted in their characteristics. For example, 
along the New England seaboard, there is just about one kind of 
coal available for steam power plants, and that is New River coal. 
Such being the case, the plant engineer then has to discriminate 
between the small differences in the coals that may come from 
different portions of the New River field, and from different 
mines operated by various coal companies. In the case of plants 
located adjacent to coal fields, the most economical coal usually 
is the one which can be brought the shortest distance, and 
the plant is usually limited to that coal. Even in this case, an 
analysis such as the author indicates may show that a more 
economical coal can be obtained at somewhat greater distance, 
although it is probable that this increase in distance will not be 
very great. 

The author has discussed this subject from the viewpoint of a 
plant having an existing installation, and which must find the 
most suitable coal for that installation. This is very proper 
and has been done in a very excellent manner. There is another 
side of the picture, however, and that is the problem of original de- 
sign of the plant, taking into account the same characteristics 
which the author has enumerated, and determining what arrange- 
ment of design will best meet these characteristics so that the 
over-all result, both from the viewpoint of fixed charges and fuel 
costs, will result in the lowest cost of output to the plant. No 
attempt will be made to discuss all points of consideration when 
this side of the picture is presented. However, a few points will 
be discussed, in order to indicate how the problem might be 
handled. 

Grindability. It may be necessary in one plant to use a coal 
which has a grindability index of 50. In another plant, coal may 
be used which has a grindability index of 100. Obviously, a given 
size of a given pulverizer cannot grind as much coal properly of « 
50-grindability coal as of the 100-grindability coal. Of necessity, 
larger pulverizers or more pulverizers will be required with the 
50-grindability coal than with the 100-grindability coal to pro- 
duce the same results. Knowing the amount of coal required 
and its grindability, a proper selection of size and number of 
pulverizers can be made. If a plant is so located that at one 
time a 50-grindability coal may be the most economical, while at 
another time a 100-grindability coal may be most economical, 
then consideration should be given to installing sufficient capacity 
to grind sufficient of the 50-grindability coal. Obviously, 
boiler unit should not be restricted in its capacity to produce 
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steam by the capacity of the pulverizer to pulverize coal. 
This condition might arise in an existing plant, as pointed out by 
the author, but also this condition can be largely anticipated and 
provided for in original design. 

Volatile Content. Usually, high-volatile coals have a lower 
grindability than low-volatile coals. As a result, the lesser 
rate of flame propagation with low-volatile content is at least 
partially compensated by the fact that grinding the same amount 
in the same size pulverizer will reduce the low-volatile coal to a 
smaller size. Low-volatile coals being slower-burning, require a 
hotter furnace than high-volatile coals. This can be taken into 
account in original design. 

Moisture Content. When a new installation is contemplated, 
usually something is known as to the moisture content of the coal 
that may be received in the plant, the moisture that may be 
picked up in outside storage, or the moisture that may be taken 
on by the coal in transit. In general, the greater the percentage 
of free moisture in a given coal, the less the amount that can be 
pulverized with a given pulverizer. Sufficient pulverizer ca- 
pacity, then, should be installed initially to take care of coal 
with any moisture content that might reasonably be expected 
to be obtained in the plant. 

Ash-Fusion Temperature. There is a wide range of tempera- 
tures, at which the ash of coal will fuse; this will vary from 1800 
to 1900 F with low-grade mid-western coals, to 2800 F on high- 
grade eastern coals. When a given amount of any coal having 
any given ash-fusion temperature is burned in a furnace, a cer- 
tain amount of heat is released. Some of this heat is radiated 
to and retained by surrounding surfaces. Some disappears as 
latent heat and practically all the remainder appears as sensible 
heat, as evidenced by temperature. The more heat that can be 
received and retained by surrounding surfaces by means of 
radiation, the less the sensible heat, and the lower the final tem- 
perature of the gases and of the ash contained in the gases. On 
a new design, it can be calculated with sufficient accuracy, the 
amount of water-tube surface that should be applied to the fur- 
nace walls in order to bring the furnace to a desired tempera- 
ture so that slagging of the ash will not occur. 

Ash Content. With pulverized-coal firing, the amount of 
ash, within reasonable limits, has very little effect on the effi- 
ciency of the boiler unit, providing the unit is properly designed. 
This statement certainly is much nearer to being true than would 
be a similar statement in the case of stoker firing. 

Size of Coal. There is one outstanding advantage with the 
use of small-size coal for pulverized-coal burning, as compared to 
larger size coal. Small size coal, say 1/:-in. size, will feed much 
more uniformly, and is much more subject to control than larger 
coal, such as 1'/;-in. size. Also, reducing the coal from 1'/,-in. 
size to }/:-in. size by crushers external to the pulver- 
izer, is done more efficiently than could be done in the pul- 
verizer itself. 

Foreign Material. Foreign material, in so far as possible, should 
not be allowed in any pulverizer for the reasons as pointed out 
by the author. Magnets can remove magnetic material, but can- 
not remove nonmagnetic metals, nor can they remove other 
foreign materials, such as pieces of wood or rags. The use of 
ring-roll crushers, or swing-hammer crushers with tramp-metal 
boxes for preliminary crushing of coal going into a plant, is much 
better than the use of roll or jaw crushers, since ring-roll crushers 
or swing-hammer crushers will not only catch magnetic material, 
but will either catch or reduce other materials, so that they can 
cause no interruption or damage. Bradford breakers are of simi- 
lar use in large installations. 

Fly-Ash Characteristics. The more ash in the coal, the more 
ash that may be expected to be discharged from the stack. This 
ash may or may not be a nuisance in the surrounding neighbor- 


hood. If, however, a plant be so located that there is a possibility 
of nuisance from fly ash from the stack, it is usually wise to in- 
stall some means of collecting at least a portion of the ash from 
the gases. There is a wide range of efficiency of recovery of such 
equipment and there is also a wide range of cost. It usually 
happens that the equipment having the most efficient recovery 
is the most expensive. For this reason, if ash-recovery equipment 
is considered necessary, a study should be made as to what re- 
covery is actually necessary, and as a result, how much money 
would have to be spent for recovering this amount. 

The writer’s discussion is intended only to indicate how the 
various coal characteristics enumerated by the author, may be 
taken into account when planning a new pulverized-coal instal- 
lation. These remarks are made to supplement the ideas ad- 
vanced by the author and to indicate how various coal character- 
istics can receive consideration before a plant is built, as well as 
after a plant is built. 


AvTHOR’s CLOSURE 


The author agrees fully with Mr. Hunter in his statement con- 
cerning the carbon loss in fly ash from boilers burning pulverized 
coal. In the author’s opinion, the loss of carbon in the average 
pulverized-fuel installation is as great or greater than in the aver- 
age stoker-fired installation. In one plant with which he is 
familiar, the fly ash collected in a fly-ash collector is refired, 
resulting in a decrease of 50 per cent in the material transported 
from the boiler plant. Mr. Hunter’s suggestion that the engineer 
look to his carbon loss in fly ash is worthy of proper considera- 
tion. 

Referring to C. A. Reed’s comments, the author must agree 
that there is no officially accepted method of classifying coals 
as to their grindability. Nevertheless, the Hardgrove classifica- 
tion is being widely used among producers and consumers, and 
is filling that gap of information concerning coals in a fairly satis- 
factory manner. His remarks concerning the progress of work 
being done at Battelle Memorial Institute in successfully over- 
coming the dust problem with fine coal are welcome. It is hoped 
that the cost is sufficiently low to permit its universal adoption. 

Regarding E. H. Tenney’s remarks, the author appreciates 
the supplementing information given therein. There are un- 
doubtedly many instances not mentioned by the author where 
certain characteristics of coal assume much more weight in coal 
selection than are generally accorded them. At Cahokia, the 
fine-dust content is an item demanding added weight. Those 
items are generally included in the “use value’ when comparing 
coals available. Cahokia is one of the many plants where ‘‘use 
value’ has been given proper attention with rather startling 
results. 

Mr. Tenney’s remarks under “volatile content,’ wherein, 
contrary to the author’s experience with eastern coals, Mr. 
Tenney finds the lower-volatile western Kentucky coal is more 
difficult to pulverize than the higher-volatile Kathleen Illinois 
coal, are interesting and emphasize the author’s contention 
that there is a great need for more information concerning the 
grindability of coals. 

Mr. Tenney reports that they are able to handle coal with 11 
per cent moisture without appreciable loss of mill capacity. 
That is, of course, due to the fact that the moisture is to a large 
extent inherent moisture. The output of such mills would be 
greatly reduced if the moisture were 80 to 90 per cent surface 
moisture as would be the case with many Eastern coals contain- 
ing that amount of moisture. 

Mr. Craig’s observation that the author has discussed the sub- 
ject from the viewpoint of a plant having an existing installation 
which must find the most suitable coal for that installation is 
obviously correct. Nevertheless, it is hoped that the information 
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may be of value to the prospective builder in helping him to 
avoid both overcapacity and undercapacity. Both result in 
unnecessary expense. 

Mr. Craig states that a boiler should not be restricted in its 
capacity to produce steam by the capacity of the pulverizer to 
pulverize coal. The author cannot entirely agree with Mr. Craig 
in that respect. Emergencies arise in all boiler plants. If un- 
limited pulverizer capacity were available, the operator would 
be tempted to risk outputs which may cause excessive damage. 
It is interesting to note that whereas Mr. Tenney finds that 
1'/.-in. slack feeds best, Mr. Craig finds that !/:-in. is better. 
Probably this is due to the type feeder used or to the type of coal 
used. 


Underfeed Stokers From the Stand- 
point of Coal Selection’ 


J. G. Worker.? The writer’s remarks are confined to the 
author’s conclusions; therefore, the numbers of the following 
paragraphs refer to similarly numbered conclusions in the paper 
under discussion. 

1 The procedure described by the author is rather elaborate, 
and it is questionable whether the necessary cooperation can be 
obtained to conduct such an elaborate experiment in any but a 
few cases. While errors of design and coordination of equip- 
ment threw an undue hardship on the fuel and made the selection 
difficult in the case cited, the fact remains that these conditions 
existed before and exist in a large majority of instailations now 
operating. These errors can be frequently eliminated or modi- 
fied by an intelligent study of plant design, and the correct 
answer is not always found by abandoning existing units in favor 
of new ones. The success attained in the case described should 
encourage a careful study by plant operators to determine 
whether, in their particular case, distinct improvements cannot 
be attained by intelligent modernization. Modernization might 
take such forms as (a) the addition of slag screens, (b) water- 
walls, (c) new water-cooled stokers, (d) fans, (e) combustion 
control, (f) instruments, and (g) baffles. 

2 The fact that only one out of seven coals was adaptable to 
the conditions of the plant cited indicates the necessity for careful 
consideration of designs by persons qualified to pass an opinion 
so that the resulting unit will have “fuel flexibility.’ This 
feature and others have been long appreciated and excellent 
strides are being made in this direction. 

3 The writer’s experience has shown, that the size of the coal 
is relatively unimportant, when segregation is avoided. 

4 The attainment of proper distribution of the fuel over the 
stoker and the equalizing of the burning rate on the grate area 
has been attained. The multiple-adjustment feature built into 
underfeed stokers was designed for that purpose. The restricted 
tuyére recently introduced as a part of the stoker is designed to 
aid in accomplishing the foregoing result in the case of larger 
installations and high burning rates. 

9 It is true that substantial mechanical agitation is necessary 
to burn the coking coals properly. At the same time, excessive 
agitation will, in the case of some fuels, develop large clinker 
formations. For this reason, the mechanical agitation built into 
stokers must be adjustable and controllable by the operator 
while the stoker is in operation. 

11 It is true that a producer cannot sell his coal without re- 
gard for its use value. It is likely that closer cooperation be- 
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tween the producer and the manufacturer wouid result in es- 
tablishing a more reliable index as to use value for particular cases 
under consideration. 

12 It is true that the maximum burning rate, rather than the 
average burning rate should be a determining factor in coal selec- 
tion. This is very important, and emphasizes the necessity for 
maintaining equal burning rates over the entire stoker area. 
Many of the factors incorporated in the design of stokers have had 
their origin in appreciation of these facts. 

13 Stoker owners and manufacturers could work more closely 
together to the mutual advantage of both. Obviously, the 
burden of accomplishing this cannot be thrown entirely upon the 
manufacturer. The owner would do well to consider favorably 
the relatively modest service charge that the manufacturer 
makes in the majority of cases. The amount invested will be 
returned to the owner many times over as a result of the im- 
proved performance accomplished by the cooperative program. 


A. W. Tuorson.* The author is to be commended for making 
available to the Society this interesting case history showing what 
can be done in the way of improving obsolete and improperly 
designed equipment by application of knowledge of fuels and 
their combustion. True, such knowledge is extremely limited, 
as attested to by the fact that three years and tests of 130 coals 
are required to make a fuel selection; however, progress is being 
made rapidly. Data such as shown on Fig. 3 of the paper are 
extremely valuable. Although applicable to the equipment 
tested only, such information furnishes a basis for predicting fuel 
requirements for other equipment. 

Reference is made throughout the paper to difficulties result- 
ing from caking properties. Although this characteristic of coal 
is one of the most important from an operating viewpoint and 
figures in a large percentage of combustion troubles, data on the 
subject are very limited, because methods of measurement and 
evaluation are not available. Studies are now being made by 
subcommittees 6 and 15 of A.S.T.M. Committee D5, and it is 
hoped that this lack of information will be remedied in the near 
future. 

The author mentioned under ‘Mechanical Changes’’ that 
automatic overfire air control was installed on the 1590-hp units. 
Does this refer to furnace-draft control, or was air admitted over 
the fire? If the latter were the case, the details of this control 
would be of interest. 

Under conclusion no. 9 the author urges the general provision 
of more fuel-bed agitation in stoker design. The ability of a 
stoker to use more strongly caking coals would surely be broad- 
ened thereby. On the other hand, increased fuel-bed agitation 
tends toward emission of smoke, and many coals with high smoke- 
producing tendency might at the same time be rendered un- 
suitable. Therefore, in any individual case, the balance be- 
tween smoke emission and caking properties should be con- 
sidered when designing the mechanism for agitation. 

Referring to conclusion no. 10, the author states: ‘With 
adequate fuel-bed agitation, coal size, particularly the proportion 
of 0 X '/,in. in strongly coking coals will become of small im- 
portance.” The writer would add: “Provided there is no segre- 
gation of sizes across the stoker.’’ At least one experience can 
be cited in proof of this statement. At the Conners Creek Sta- 
tion of The Detroit Edison Company, burning a strongly caking 
coal on stokers with adequate agitation, segregation occurs in 
certain bunkers because of limitations imposed by the coal- 
handling machinery. It was difficult, even with zoned-air control, 
to keep as uniform fuel bed as was desired. Although this in 
itself is not a serious operating difficulty, it was observed that 
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stoker iron loss was concentrated at the sections receiving the 
coarser coal. As an experiment, the crusher was adjusted to 
reduce the coal size from 1'/; X 0 in. to 7/4 X 0 in., with the 
result that fuel beds appear uniform and stoker iron loss has been 
slightly reduced. 


P. Nicuouts.*5 One cannot but feel disappointed because 
the paper does not more definitely advise the qualities of the 
coals which gave good or poor results. It is granted that at the 
time these tests were made there would have been difficulty in 
finding any laboratory measurements for caking and coking, but 
there should be no objection to defining the coals by location and 
seam even if the name of the mine were omitted. 

The definitions in the column for “burning nature’ of Table 
1 are presumedly based on observations of the fuel beds, but it 
does not follow that the coal that gave the least coking would 
have shown the lowest value in a laboratory test. Definition 
of what is meant by coking and hard coking as against caking 
would be helpful. 

One can accept the general explanation of the actions that 
were noted, but it is questionable whether the explanations go far 
enough to explain the original causes that may have started the 
events. For example, Fig. 7 was for an Indiana coal, and the 
deduction is made that the troubles were initiated by caking, 
which would seem to be questionable because of the relatively low 
caking characteristics of Indiana coals. Other factors may have 
affected the paths of travel of the coal, or the higher rate of 
travel of the ignition to be expected with these coals may have 
been important. 

The writer wishes to emphasize that real advance in our knowl- 
edge must be based on determining the initial causes, and we 
must not be content with knowing the over-all result unless we 
know these we may fail utterly when generalizing conclusions 
from one set of tests and applying them to another. 


C. A. Reep.6 The author has certainly given some new 
thoughts of what tests for proper coa! selection entail. 

Most stoker or pulverized-fuel-equipment manufacturers, as 
well as most boiler manufacturers, state in their specifications 
and contracts exactly what their units will do under certain known 
conditions. These conditions usually include rating, CO:, flue- 
gas temperature, coal analysis and pounds of coal per square 
foot or heat release per cubic foot of furnace volume. Perhaps 
in the early additions to the plant which the author mentions, 
there was not too much known about coal or some of the other 
conditions; however, draft loss, CO., flue-gas temperature, and 
burning rate have been common engineering language since the 
early twenties. 

Too many times the small purchaser leaves to the manufac- 
turer the problems of his own plant, hoping or thinking that the 
equipment bearing good reputation elsewhere, will work well for 
him. During these past years, the writer has taken occasion 
not once, but hundreds of times to ask owners of equipment to 
re-read their contracts regarding performance of equipment and 
coal specifications for that performance. The writer would say 
that in 90 per cent of these cases the owners who were having 
trouble were operating beyond guarantees (and complaining about 
the equipment or the coal). Attention should be called to the 
fact that many conversion or newly built units are soon expected 
to carry extra overload with the same coal purchased to handle 
ordinary overloads. 
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The small plant is often a price job or a special-friend-getting- 
the-order job. In either case, such a plant does not often give 
good operating results over extended periods. 

Perhaps the most serious point in the paper is the fact that at 
the plant described by the author, and perhaps a few more in the 
country, a real series of thorough tests was conducted until 
reliable and economical operating results were forecast. There 
appear to have been two bad features eliminated from the out- 
set and these were narrow viewpoints and too friendly rela- 
tions. 

Since certainly, there is a preponderance of well-designed 
plants in the country, and since there are literally hundreds of 
coals available, it would seem that careful selection—not price 
selection— might make for better operation, especially if equip- 
ment were not too overloaded or left in a bad state of repair. As 
equipment gets older, certainly it should not be expected to 
carry a heavier burden, but that seems to be the practice in most 
small plants, and in a few big ones. 

The engineers and firemen at small plants are the men who 
have the worst problems, because they have not had a chance to 
see what can be done, or because of lack of experience. In gen- 
eral, too, they are the ones who change coal and equipment most 
often, the cost of which is borne by their employer. 

Since serious study is being made of every phase of coal— 
rank, quality, and burning characteristic—in almost every coal- 
producing state, and by the U. 8. Bureau of Mines, it should not 
be necessary today for any plant to have to go through three 
years of such expensive work as the author related and took part 
in. 


E. R. Katser.’ The author has described the limitations of 
industrial underfeed stokers in burning strongly caking coals. 
The ultimate selection of the coal that brought out these weak- 
nesses in the stoker design to the least degree followed a long 
and costly test program in which the combined mechanical 
performance of the stoker and fuel was the final criterion. Al- 
though this process of coal selection probably made the best ot 
the situation, it is unfortunate that coal price and coal quality 
could not have been given prime consideration. 

If the limitations of an underfeed stoker force the selection of a 
coal, the delivered price and calorific value of which is not in- 
herently most economical, a premium is paid on each ton of coal 
burned. This premium may be sufficiently small to be more 
economical than enlarging the total stoker capacity in a plant 
by constructing an additional boiler-stoker unit or by replacing 
an old one. The premium may be sufficiently high, however, to 
warrant the installation of additional capacity to permit operating 
the economical coal at ratings below that at which the limitations 
of the stokers become serious. 

The water-cooled stoker, the zoned wind box, the undulating 
overfeed section, the restricted tuyéres, and thinner tuyére plates 
have been recent developments which have given more latitude 
to coal selection and have permitted higher burning rates. How- 
ever, when maximum stoker capacity is expected, the choice of 
suitable coals becomes limited with even the best of modern 
stokers. 

The author urges that mechanical agitators be applied to 
stokers to increase fuel-bed porosity when strongly caking coals 
are used. In view of the splendid engineering which has im- 
proved stokers in recent years, it would be unfortunate if some 
of our highest-grade bituminous and semibituminous coals 
should be found unsuitable for use on any new underfeed stokers- 
The improvement of underfeed stokers with fuel-bed agitators 
could well begin with the single- and double-retort units used in 
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industrial plants and for building heating. The development 
costs on units of this scale would not be prohibitive. Auto- 
matic air control and possibly some wind-box zoning should also 
be applied to stokers, which are expected to perform automati- 
cally in intermittent operation. 

Because underfeed stokers in general use today must depend 
upon manipulation of the fuel-bed thickness for both distribution 
of air and fuel, would it be best to fire coals which tend to mat 
across the tuyéres by keeping a thin layer of fuel over the front 
third of the stoker in an effort to maintain ignition at the 
front wall? 

Many of the troubles in the boiler furnaces, such as excessive 
ash fusion, high losses of carbon into the ash pit and “pop- 
corning” of fuel, can be reduced or eliminated by keeping the 
burning rates per square foot of stoker area as uniform as possible 
and below certain maximum values. No values of burning rates 
were given in the paper, nor was any relation expressed between 
the tendency for the plastic coal and coke to bridge over the 
tuyére stacks and the over-all burning rates. 

The selection of coal on the basis of laboratory tests, or at least 
with the assistance of such tests, has probably not received all of 
the endorsement which it deserves. Tests for the caking ten- 
dency of the coal and the distribution of mineral matter in coal 
have not been developed to furnish data necessary to make such 
a selection of coal possible. The author mentioned the use of the 
laboratory, but did not include a statement of the value of the 
laboratory tests in the final selection of the coal at the plant 
described. 

In many plants, coals are selected on the basis of plant tests, 
the laboratory being used only for the purpose of checking the 
uniformity of shipments and for supplying data necessary for the 
calculation of heat balances. The laboratory will become in- 
creasingly useful and valuable as we approach the day when coal 
price and coal quality, rather than stoker limitations and burning 
characteristics of the coal, shall determine the selection of a coal. 
Until that time, however, new and significant tests of coal for 
underfeed stokers will be most welcome. 


AUTHOR’s CLOSURE 


One discusser called attention to automatic overfire air control 
which was mentioned under ‘‘Mechanical Changes.”’ This was 
an error and should have read, ‘‘automatic overfire draft, or fur- 
nace draft, control.” 

The author appreciates the fact that the paper is disappointing 
to research engineers who would naturally want to analyze fuel- 
bed troubles with infinite care. In this connection it should be 
realized that it was the primary function of this power plant to 
generate steam in the required quantities and to maintain stand- 
ard steam pressure, and that everything else was necessarily 
secondary to this. Within practical limits, attempts were made 
to analyze and correct combustion troubles which developed with 
various coals. Circumstances naturally did not permit carrying 
this procedure to a fine point. Actually, the search was to find 
coals which were beyond the marginal zone as far as performance 
troubles were concerned. 

As to a definition of what is meant by coking and hard-coking 
as against caking, it might be enlightening to say that these three 
terms all focus upon a condition of the fuel bed which commonly 
obtained, that of “‘hardening”’ of the fuel bed which impaired the 
distribution of fuel and air over the grate area. This would 
either appear in the form of matting (in which the fuel bridged 
over between retort and retort) or rigid coke piers in the retorts 
which would not break down over the tuyére rows. In the case 
of matting, if this condition developed with a coal which accord- 
ing to coke-oven practice was known as a noncoking coal it was 
referred to as caking, but were it a coking coal by that standard 
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it was referred to as coking. The term “hard-coking’’ in this 
same connection was used to indicate degree. 

Here the author would like to advance a thought not contained 
in the paper; that in instances where so-called noncoking coals 
of lower ash-softening temperatures cause matting or surface 
hardening of the fuel bed his observations indicate that the cause 
very likely is due to the softening of the ash resulting in a platelike 
clinker, or a cementation action between molten ash and the 
coke particles either of which would cause the fuel bed to become 
impervious to air flow. The end result of this condition bears 
a similarity to that of coking coals having a high ash-softening 
temperature, a high tar yield, and a long plasticity range, in that 
both types of coals cause restricted air flow through the fuel bed 
resulting in nonuniform burning over the grate area, hot spots, 
and objectionable clinker trouble. In other words, the crux of 
these troubles is fuel-bed porosity. 

One discusser mentions that too many times the small purchaser 
leaves to the manufacturer the problems of his plant; that they 
do not in operating practice conform to contract specifications 
as pertains to coal and boiler ratings; that the small plant is often 
a price job, ete. These statements are true, but, of course, 
do not apply to the plant under discussion since it was a large 
industrial power plant; it could not be satisfactorily operated at 
the specified boiler ratings with the specified coal; and the plant 
design was in the hands of well-known architects and engineers. 

Questions regarding burning rates and the value of the labora- 
tory are mentioned by another discusser. It is true that many 
of the troubles in boiler furnaces can be reduced or eliminated by 
keeping burning rates per square foot of stoker area as uniform as 
possible and below certain maximum values. The normal 
range of burning rates was between 35 and 45 Ib per sq ft of grate 
area, and with rare interval peaks up to 55 lb. However, one 
of the points which was stressed in the paper was that with 
many coals, due to ragged and matted fuel beds, uniform burning 
rates could not be maintained over the entire grate area. 

As to the value of the laboratory in the final selection of a coal, 
actual performance results were the final criteria but of course 
the laboratory was of great value as ‘‘an accessory before and 
after the fact,” inasmuch as it paved the way for the use of this 
coal in the plant and after the coal was accepted it permitted a 
close check to be maintained on its uniformity in subsequent 
shipments. The laboratory indirectly insured the consumer of 
a sustained standard of quality and was of value to the producer 
in that it kept him alert and informed on slight fluctuations as 
a result of changes in mine conditions or preparation, thus af- 
fording him an opportunity to correct matters before they as- 
sumed serious proportions. 

As this discusser indicates there is definite need for new stand- 
ard tests which will enable such laboratories to indicate or pre- 
dict more closely the expected performance of a coal on burning 
equipment. 

The writer wishes to express his appreciation for the contribu- 
tions of all the discussers of this paper. 


The Problem of Flywheel Effect and 
Speed Regulation for Diesel- 
Engine-Driven Machinery’ 


Harte Cooxe.? The writer believes that the coefficient of 
variation of velocity is of no great value. A certain coefficient 
of variation of velocity in an engine turning at 80 rpm is entirely 


1 Published as paper OGP-60-1, by A. D. Andriola, in the Febru- 
ary, 1938, issue of the A.S.M.E. Transactions. 

2 Mechanical Engineer, McIntosh & Seymour Division, American 
Locomotive Company, Auburn, N. Y. Mem. A.S.M.E. 
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different from that in an engine turning at 600 rpm. Our regular 
electric light with a 60-cycle current has a voltage variation of 100 
per cent but the time period is '/12 of a second and we do not 
notice it at all. A 25-cyele current which has 100 per cent varia- 
tion of !/s of a second is hardly distinguished, so with a small 
coefficient of fluctuation and a short time period it doesn’t mean 
nearly as much as it did in the old slow-speed engine with a long 
time period. 

About 38 years ago the writer measured this variation of 
velocity or space displacement when it was attempted to run 
units in parallel. The electric meters indicated a phase displace- 
ment of 45 deg. Because of this large displacement, the writer 
reasoned that the maximum power of the engine couldn’t displace 
the masses involved every revolution; therefore, he thought that 
the meters must have been wrong. To determine whether or not 
this was correct, the weights of the connecting rods, reciprocating 
parts, and flywheels were checked and indicator cards were taken. 
A force diagram was then laid out from which was drawn the 
acceleration curve. The velocity curve was then drawn from the 
acceleration curve and a space curve was drawn from the velocity 
curve. The space curve was what we were interested in but we 
could only measure accurately the velocity variation. If the 
velocity curve checked with actual measurements, we know that 
the space curve would also be correct. 

To obtain the actual velocity measurement, a small d-c motor 
with as fine a commutator as possible was driven with a bicycle 
wheel set against the rim of the flywheel. The output of that 
generator was set against a storage battery, and a millivoltmeter 
was placed in the circuit between the battery and generator. 
The millivoltmeter was expected to measure only the variation, 
which could be continually expanded until a satisfactory reading 
was attained. After some trouble with the millivoltmeter, the 
damping coils of which had to be removed, the needle followed 
the velocity curve, which had been laid out analytically, when 
the engine was run alone. Having thus proved the correctness 
of the method, the engines were placed in parallel. The needle 
of the millivoltmeter went off the scale, indicating that the phase 
displacement of 45 deg previously obtained was correct. This 
work was undertaken before our present knowledge about elec- 
tromechanical resonance was available. 

It was later determined that while the short-circuit current 
torque of the generator was only about two and one-half times 
the full torque, which wasn’t enough to account for the 45-deg 
space displacement, the instantaneous torque might be 10 or 15 
times full-load torque, because the instantaneous torque takes 
place before the heavy current in the armature has time to distort 
the lines of force in the field and cut the current down. Thus, 
we found where the force came from and we were able to locate 
the trouble; therefore, we had the key to the final solution. 

Later, the writer measured the actual space variation on a large 
engine. We put a sheet of drafting paper around the flywheel, 
and covered it with oxide of zinc and gum arabic. The paper was 
then moistened and, after making scarf joints, we glued it on the 
flywheel. The flywheel was 19 ft in diameter. Then we took 
a tuning fork of 100 vibrations per second and to get the ampli- 
tude in order to obtain the crossing of the curves, we put copper 
extensions about 1 ft long on the end of the tuning fork and that 
gave an amplitude of about '/; in. We mounted this tuning fork 
on a lathe carriage, put it in front of the engine, and while running 
the engine traversed this tuning fork across the flywheel. It 
gave us curves which were of !/; in. amplitude and 8 or 10 in. long. 
The intersection of the curves could be determined within 0.01 in. 
for the space variation. Keilholtz* made an analytical solution of 
the problem. 


*“Electrically Operated Coal Hoist, Having Variable Speed 
Control,” by P. O. Keilhottz, Trans. A.I E.E., vol., 20, 1902, p. 139. 


Regarding space variation, engineers require a maximum 
phase displacement of 2.5 or 3.5 electrical degrees from the mean. 
The writer believes that this requirement is unnecessary; for ex- 
ample, if one cylinder of a 6-cylinder engine were cut out, the 
engine would have characteristics much like those of a single- 
cylinder engine when the flywheel would be much deficient. If 
2.5 deg phase displacement were essential, trouble would im- 
mediately occur in parallel operation but in practice no trouble 
occurs. While attempting to make a three-cylinder engine 
flicker, the writer cut out one cylinder, and with the engine 
operating with two cylinders no flicker whatever could be dis- 
cerned. As far as parallel operation went, the engine ran the 
same as with three cylinders. There was some indication in 
the frequency meter of some variation in speed, and there was a 
small movement of the ammeters between the engines but the 


' parallel operation was stable. 


This led the writer to believe that this coefficient variation isn’t 
as important as it is thought to be. In other words, at the speeds 
at which present-day engines operate, the time period is so short 
that even though you get considerable variation in speed, the 
total effect of the time and the speed variation isn’t enough to 
cause serious difficulty. It would be interesting if further 
investigation were made of this to see just what speed variations 
at certain speeds were permissible or where the undesirable 
state came in; also, how the generator characteristics affected 
flicker. The writer believes that many flywheels are much 
too heavy. The principal thing is that in multicylinder engines 
the heavy flywheel reduces the speed at which critical resonance 
comes in, which is awkward. 

Offhand, the writer does not see how the difference between 
considering the shaft elastic or rigid would make a very material 
difference. Take the oscillation of the generator and flywheel 
between each other as disks on the shaft, if that shaft is stiff the 
period would be quite high, the frequency would be high and the 
writer does not see how it would make much flicker, since the time 
period is so short. The writer does not know how low the period 
would be, but offhand with a shaft of 1 ft diam the frequency is 
thought to be six or seven thousand. That ought not to affect lights. 


GuENN C. Boyer.‘ The bibliography at the end of this paper! 
does not include any reference to the work which was done by 
Doherty and Nickle’ with the General Electric Company about 
twelve years ago when they were developing new methods for 
designing flywheels to be used with synchronous motors driving 
air compressors. Their studies explain a method for designing 
flywheels by means of an electric oscillograph in a circuit ener- 
gized by a storage battery and containing resistance, reactance, 
and capacity, to take account of the various flywheel and friction 
and inertia effects in this mechanical system. Would it not be 
possible to use the method they developed for studying flywheels 
in connection with synchronous motors, and, by turning it back- 
ward where you have a reciprocating engine driving an alter- 
nator, utilize this electric system for designing the flywheels? 
The writer does not know whether it is possible to expand their 
method of solution far enough to take account of all the rotating 
masses and their inertia effects which have to be considered, but 
so many electric circuits utilizing an oscillograph have been used 
in recent years to solve mechanical problems that it is a thing 
that shouldn’t be overlooked. 


Russe. Pyuzs.* It is startling to learn from this paper that 
flywheels are of little use in speed regulation when placed be- 


4 Burns & McDonnell Engineering Company, Kansas City, Mo. 

'“Oscillographic Solution »f Electromechanical Systems,” by 
C. A. Nickle, Trans. A.I.E.E., vol. 44, June, 1925, p. 844. ’ 

¢ Clark Bros. Co., Olean, N. Y 
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tween the generator and the engine. That in effect is what has 
been shown. Where would the author suggest placing the fly- 
wheel? We realize that whatever we put at the node has no 
effect on speed regulation. If we are to locate the generator at 
the node then we must add an excessive mass beyond that point, 
which serves to lower the frequency of the whole system and 
brings more criticals within our running range. 

The other method mentioned, that of locating the flywheel and 
the generator very close together, has been applied in most of the 
railroad applications. It may have been done inadvertently but 
it has apparently been successful; the practice has always been 
to put the wheel very close to the generator rotor and to use a 
very stiff generator shaft, but that practice is not general in sta- 
tionary work. 

The writer points out that the combustion process and the 
resulting torque curve materially influence the value of the energy 
input, especially harmonics for the sixth order and those nearby. 

The writer has had experience with an engine having a flat-top 
piston and originally little or no turbulence, wherein the combus- 
tion chamber was changed to give considerable turbulence. 
It was obvious that the shape of the indicator card, or the process 
of combustion, was changed thereby, but just how it was changed 
was hard to determine because indicator cards from the new 
design of combustion chamber were not then available for com- 
parison. However, with the turbulent combustion chamber, in 
which was carried about the same maximum cylinder pressure, 
much higher amplitudes in the critical speeds were obtained. 

It so happened that this was a supercharged engine, and it was 
thought this might be a reason for the higher amplitudes. Check- 
ing further, we ran the engine without the supercharger at the 
same brake mean effective pressure as the standard engine, and 
we still measured amplitudes as high as before, which were con- 
siderably higher than those obtained with the flat-top piston and 
nonturbulent combustion chamber. 

To carry the thing further we took indicator cards and analyzed 
them harmonically. We obtained a net coefficient for the sixth- 
order critical of about 9 in-lb torque per in. of crank radius per sq 
in. of piston, which was about 50 per cent larger than we had ob- 
tained for the card from the nonturbulent combustion chamber. 
The only point the writer wants to emphasize is that we cannot 
use the same harmonic-torque coefficients for a high-speed engine 
that we use for a slow-speed engine, and we cannot use the co- 
efficient for a maximum cylinder pressure of 550 Ib per sq in. 
that we use for 850 Ib per sq in. The value of the harmonic co- 
efficients may be greatly influenced by the indicator card, and 
for this reason the card should be from the particular type of 
combustion chamber under consideration. 

The method of obtaining zero speed fluctuation by the use of a 
flywheel beyond the generator to bring the node at the generator, 
accomplishes this end at the expense of a reduction in the natural 
frequency of the system. This is apparent from the results 
shown in Figs. 1 to 5, inclusive, of this discussion. 

A case of an actual engine and generator is shown in Fig. 1 and 
for the sake of simplification it is reduced to the three-mass sys- 
tem shown in Fig. 2. The engine mass, and shafting up to the 
flywheel are fixed. The generator mass is fixed. The generator 
shaft is subject to change, but any change in stiffness which 
would raise the frequency in one set would give a corresponding 
increase in frequency for other arrangements. For comparative 
purposes, then, the generator shaft and mass may also be con- 
sidered fixed. The frequency, relative amplitude at the gener- 
ator, and the location of the node for the single-noded vibration 
are shown in the table for the simplified conventional arrange- 
ment of Fig. 2. 

Consideration of the system as elastic indicates that the 
generator regulation of the arrangement in Fig. 2 can be im- 
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proved by the elimination of the flywheel. This is contrary to 
the generally accepted idea of flywheel effect; however, as shown 
in Fig. 3, the relative amplitude at the generator is reduced from 
0.233 to 0.182. At the same time the frequency of the system 
has been increased from 2842 to 2920 cycles per min. 

Fig. 4 shows the same units with the flywheel moved to such a 
point as to bring the node at the generator. Such a system is 
equivalent to the two single masses of Fig. 5 coupled to an infinite 
mass. The engine and generator masses are fixed, as well as the 
connecting shafting. The frequency of the system to the left is 
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Evastic Curves oF SEVERAL ENGINE-GENERATOR COMBINATIONS 


given by F = (60/27) (C/I) cycles per min = 2700 cycles per 
min. The system is completed by proportioning the mass and 
shafting on the right to give this same frequency. In this case, 
the same flywheel has been retained and the adjustment made in 
the shaft. 

With rising engine speeds, a high natural frequency of the sys- 
tem becomes increasingly necessary and its attainment more diffi- 
cult. The solution of any problem which is accompanied by a 
reduction in frequency is therefore to be avoided. It is fortunate 
that high speeds permit of greater angular displacement at the 
generator, although the limits do not seem to have been estab- 
lished. High frequency and low angular displacement at the 
generator are conflicting requirements, and the practical solution 
appears to be in taking advantage of the largest permissible 
generator displacements to obtain high frequency. Such a sys- 
tem is typified by Fig. 3 of this discussion and carries no extra 
flywheel. This is one of the systems proposed by the author. 

The writer hopes that this paper! may lead to the establish- 
ment and general acceptance of speed-regulation coefficients 
which have some rational relation to engine speeds. 


L. T. Brown.’ A recent case wherein open-type cylinder 
heads were applied to an engine previously equipped with pre- 
combustion chambers may serve to indicate the difficulty of ob- 
taining precision in calculations of critical speeds. After the 
change in heads, a severe critical period occurred at operating 
speed, and the services of several expert calculators failed to 
solve the problem. Finally, as a purely experimental venture, 
the flywheel was moved over 5/s in. on the shaft, and the trouble 
was ended. 


Epear J. Kares.* The test data reported by the author seem 
to show that the measured angular displacement of the generator 


7 Iowa State College, Ames, Iowa. 
8 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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rotor from the mean position can be accurately computed only 
by taking account of the elasticity of the shafting connecting the 
various masses. On the other hand, the method of computation 
proposed by Doherty and Franklin® assumes the shafting as in- 
finitely rigid. According to the tests cited by the author, this 
method leads to errors as great as 67 per cent. This may be true 
in the case of present-day multicylinder Diesel engines, the crank- 
shafts of which are twisted considerably by the cyclic forces, but 
experience shows that Doherty and Franklin’s formulas did not 
result in such gross errors as the author implies. 

The machines in which Doherty and Franklin were interested 
were of slow speed with only two or three cylinders and large- 
diameter crankshafts in which torsional vibration was negligible. 
The writer had the opportunity of assisting Doherty and Frank- 
lin in certain practical tests at that time, and can vouch for the 
fact that the measurements of angular displacement closely con- 
firmed their method of computation. Furthermore, in actual 
use, machinery fitted with flywheels designed by the Doherty 
and Franklin formulas gave satisfactory performance. 


Ek. C. Macpesurcer.'® If the author be right in the theory 
he advances, all previous theory used for designing flywheels has 
been based on wrong assumptions. There is no reason why the 
mass of the flywheel could not be added to the generator. The 
Navy has an experimental generator unit which has no flywheel 
at all; however, it is much simpler to use a flywheel because it is 
much less expensive. An engine without a flywheel will vibrate 
with the node inside the engine, which will have to be brought 
outside, therefore, determining the size of the flywheel. Further- 
more, the space in which the generator can be placed is usually 
limited. 

In oral discussion, the author pointed out that the flywheel 
does not have to be too heavy, and that the node can be brought 
outside the engine by increasing the rigidity of the connecting 
element or, once the maximum size of flywheel has been reached, 
the connecting element can be cut down. 

However, with a given shaft in an existing engine and a limited 
space in which to install the generator, the flywheel must be 
added to obtain the basic vibration characteristics. 

The author has asked in this connection if the writer hasn’t 
assumed that the shaft of the generator is set at one particular 
value from which no deviation is permissible. In answer to 
such a question, one must remember that the actual torque to be 
transmitted determines the minimum diameter of the shaft, 
which in turn determines the minimum size of the flywheel. 
However, if the size of the shaft were increased you would have to 
increase the size of the flywheel. 


E. Scuweizer.'! Investigations of approximately 200 
Diesel-engine-driven alternators during the past decade invari- 
ably have shown close agreement between recorded amplitudes 
and corresponding calculated values. The theory as reviewed by 
the author is, therefore, well supported by practical measurements 
and observations. 

The statement that numerous installations are operating with 
flywheels dimensioned altogether too liberally and therefore uneco- 
nomically should be taken with reservation. For instance, high- 
speed engines may give satisfactory illumination with very little 
flywheel WR? but they are likely to act erratic with even a small 


* “Design of Flywheels for Reciprocating Machinery Connected 
to Synchronous Generators or Motors,” by R. E. Doherty and R. F. 
Franklin, Trans. A.S.M.E., vol. 42, 1920, p. 523. 

10 Aide on Diesel Engines, Bureau of Engineering, U. S. Navy De- 
partment, Washington, D. C. Mem. A.S.M.E. 

‘' Engineer in charge of Calculation Department, Diesel Engine 


Division, American Locomotive Company, Auburn, N. Y. Mem 
A.S.M.E. 


percentage of load changes. This condition in a multiengine 
power plant, where the operators must synchronize the units 
frequently, is of course undesirable. 

Again, in order to meet a definite permissible speed-variation 
figure, which will insure positively against disagreeable evidence 
of flickering lights, the only practical remedy consists of adding 
WR? in the flywheel in order to produce the limited deviation at 
the generator. It is true much WR? must be added at the wheel 
in order to effect small reductions at the generator. But this 
seems better than to try, by means of a flywheel located between 
the outboard bearing and the generators, to shaft the node from 
between the engine and flywheel to a new position at or near the 
generator. The reason for this is obvious. In many cases, a 
serious one-node critical speed will have to be kept where it 
should be, and will remain there, no matter how much more WR? 
is put in the flywheel. A wheel outside the generator moves the 
node region to a new location, but likewise will the one-node fre- 
quency correspondingly narrow the range of safety between its 
critical speed and normal operating speed. In addition to this, 
two-node vibrations may creep in which are disastrous. 

Another reason, which speaks in favor of liberal flywheels, is 
the fact that flicker of light, while being a function of voltage 
variation is also a function of impressed frequency. While a co- 
efficient of irregularity of 1:50 may suffice for an impulse fre- 
quency of 30 cycles per second, a coefficient of 1:180 may not 
prove enough for a frequency of 6 cycles per second. 

The amount of cast iron specified on the drawing is cheaper 
than litigation with the customer. It is quite likely therefore 
that flywheels we see applied in practice today are a compromise, 
which in some cases was arrived at through expensive experience. 
While we can predict deviations occurring at the generator, we 
do not as yet know definitely what the limiting value of such 
deviation may be before faint traces of flickering lights become 
discernible, and ‘discernible’ involves the human factor, such 
as the ability of eyesight to detect it. 


AUTHOR’s CLOSURE 


The treatment of the problem given in the paper, although in- 
tended primarily for Diesel-driven units, is fundamental for in- 
stallations on which periodic torques are imposed. The discus- 
sion, however, implies that it has been, to a great degree, con- 
strued as a complete solution of the specific case of alternators in 
parallel. Therefore, some amplification in this respect is neces- 
sary. 

Mechanical drives may be disposed of briefly. Except for 
certain special applications, variations in displacement or velocity 
from the mean values should cause no concern if the consequent 
stresses are to be kept within the permissible range for the ma- 
terial employed. It remains to provide sufficient mass for other 
reasons which have been stated. In this connection, the author 
neglected to mention the limitations as to minimum mass im- 
posed by the governing device in order to assure proper speed 
control in the event of sudden full-load rejection. Once these 
basic requirements are met, the problem reduces to one of proper 
distribution of the minimum, and if necessary, additional mass to 
avoid unsafe or objectionable vibratory movements. 

Mass limitations for alternators are basically identical with 
those for mechanical drives. The effect of parallel operation on 
the unit is equivalent to the connection of an additional elasticity 
and mass to the mechanical system. The equation given in the 
paper is the general form for a single unit connected in parallel 
to a large power system. While undoubtedly this is the most 
common arrangement used, cases frequently arise where dis- 
similar machines may be interconnected and also where the me- 
chanical-mass equivalent of the power system may be of the 
magnitude of the mass of the machine connected to it. For such 
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installations the equation is not directly applicable, but can be 
suitably extended to cover any particular case. In general, when 
n units are interconnected, n-1 natural frequencies, due to the 
various synchronizing forces acting in conjunction with the 
masses of the units, will exist and each may be studied in regard 
to the effect of the forcing frequencies closest to these in cyclic 
value. It is a common rule to arrange matters so that none of 
these will occur within 20 per cent of any forced frequency and, 
while this apparently is a safe procedure, it is pertinent to note 
that the minimum variation from the resonance point is deter- 
mined wholly by the order of the harmonic forcing the vibration 
and the permissible deviation in electrical degrees. In practice, 
equal power distribution over the engine cylinders cannot. be 
maintained without periodic adjustment, and the amount of un- 
balance may measurably affect the vector resultant and conse- 
quently the energy input into vibration. This can be seen from 
the curves of harmonic coefficients: Those orders with a pro- 
nounced slope, specifically '/2, 1, 11/2, 2, and 2'/» will have a rela- 
tively large energy input for small power unbalance, while those 
which approach parallelism with the abscissa are practically un- 
affected. The permissible deviation in electrical degrees is a 
function of the impedance of the unit. Thus, there is ample 
reason for basing the analysis on the characteristics of the engines 
and generators used in any particular installation, rather than on 
any arbitrary rule based on experience. The electrical relation- 
ships for parallel operation can be found in any modern text on 
a-c machinery. 

Using the additional notation of f = frequency of alternating 
current, cycles per sec; F = natural frequency of vibration, cycles 
per sec; and P, = kilowatt output per electrical-degree displace- 
ment from the no-load position of the rotor; then, the natural 
frequency for the parallel condition is 


T,\ _ 266,500 PS 


where WR? is in lb-ft. The displacement in mechanical radians 
for the parallel condition is 


La 


= 7 + (T, —m*2J)*] 


For the mechanical torsional vibrations, the natural frequencies 
are 


The conditions under which this simplification is permissible, 
for any desired degree of accuracy, can be approximately esti- 
mated. The author has made calculations for 3 per cent accu- 
racy for a single unit connected to a large system which resulted 
in the following values: The mass equivalent of the power sys- 
tem S 16.7 X mass of the generator unit, and 7, < 0.06 cumu- 
lative effect of mechanical stiffness. These approximations were 
derived by consideration of a two-mass system for the former, and 
use of a three-mass system, i.e., flywheel and engine, generator 
and power system of 16.72J for the latter. 

The significance of the simplified forms, that is, Equations [1 | 
and [2] of this discussion, is of particular interest. The effect of 
parallel operation is the introduction of an additional natural 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1938 


frequency which is a function of mass and synchronizing force 
T,, but independent of the mechanical elasticities. The same 
remarks apply to the amplitudes of vibration given by Equation 
[2] of this discussion; thus, the particular arrangement of the 
various masses is of no importance for this first mode of vibra- 
tion. The total displacement at the generator, however, includes 
the vibratory amplitudes of the mechanical system as given by 
Equation [4] of this discussion, and these, as has been shown, are 
appreciably affected by the disposition of masses and elasticities. 

In computing the flywheel necessary, it is essential to deter- 
mine the change in the hunting frequency, that due to 7’, and 
the mass, within the normal range of load variation; the charac- 
teristic of 7, is such that the equivalent elasticity increases as 
load decreases. The frequency range to be avoided is then based 
on the extreme values of this force. Masses and elasticities are 
then arranged to avoid critical speeds and also to make the 
amplitudes at the generator the minimum obtainable within the 
practical limits of construction. 

The author agrees with Mr. Cooke that the coefficient of regu- 
lation is of little value and has presented a table of experimental 
results to support this view. However, its use as a sole guide to 
flywheel design is still common practice. In regard to the maxi- 
mum deviation permissible, the matter seems to be one of experi- 
ence. The determining factors are voltage fluctuation and heat- 
ing, and stress reversals in the windings and insulation. These 
must be kept to a fairly low value if premature fatigue failures 
are to be avoided. The limit of + 3 electrical deg was estab- 
lished by Doherty and Franklin® in 1920 and was based on what, 
at that time, was considered to be the upper limit for current 
fluctuation. This value is still in general use. Mr. Cooke's 
skepticism as to the difference due in considering the shaft rigid 
or elastic is considered strange in view of the experimental results. 
The author refers him to the opening paragraph of the paper 
which specifies voltage fluctuation as one of the important con- 
siderations. 

Mr. Kates’ discussion is of interest and explains the circum- 
stances which were combined to give satisfactory results with the 
Doherty and Franklin equations. Incidentally, Equations [1 | 
and [2] of this discussion are those arrived at by the latter authors 
in their analysis.® 

Mr. Boyer mentions the possibility of employing an oscillo- 
graph in conjunction with an electrical circuit for the solution of 
the problem under discussion. This method was successfully 
employed by Nickle for the hunting frequencies only, and is most 
useful in an investigation of interconnected generating units, for 
which the mathematical analysis presents great difficulties. The 
method is applicable to the solution of the forced torsional vibra- 
tions in a single unit but whether it would result either in time 
saving or reduction in possibility of error, the author is in no posi- 
tion to say. The value of having two methods of solution for a 
single problem is obvious. 

Professor Brown has given an excellent illustration of the effect 
of mass distribution and connecting elasticities on the amplitudes 
of vibration. 

Mr. Pyles has shown several of the changes possible by altera- 
tion of the conventional arrangement for a generating unit and 
the consequent effects on relative amplitudes and natural fre- 
quency. Comparison of relative amplitudes for different natural 
frequencies unfortunately is misleading, since the actual ampli- 
tudes are dependent on the ratio of forced to natural frequencies. 

Considering Figs. 2 and 3 of Mr. Pyles’ discussion, the quanti- 
tative effect is then given by 63/0. = (1 — m*/p,?) (1 — m*/p;’) 
where the subscripts refer to the Figs. 2 and 3, respectively. The 
ratio of relative amplitudes is 0.182/0.233, but the ratio of actual 
amplitudes may be greater or less depending on 63/62. For 
example, if m/p were less than 1, then an increase in natural 
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frequency would result in a decrease in actual amplitude for 
the same forced frequency and harmonic torque values. On the 
other hand, with m/p originally greater than 1, then the actual 
amplitude is increased as a result of the change. This can be 
verified by use of Equation [7] of the paper and the effect of 
such changes is shown in Fig. 4 of the paper. Mr. Pyles’ re- 
marks concerning the conflicting nature of the requirements 
of frequency and amplitude are undoubtedly based on a desire 
to keep the running range as free from criticals as possible. 
In synchronous-speed machinery, this is not essential since 
operation at one speed requires passage through the criticals 
only at starting and stopping, and, provided the stimulating 
harmonies are not too large, it is possible to accelerate or de- 
celerate through the objectionable speed ranges without notice- 
able ill effects. The advantage of operating in ranges of m/p 
greater than 1 is obvious from Fig. 4 of the paper; the matter in 
any case is usually one of compromise and, with some latitude in 
choice of mass and elasticity, a satisfactory arrangement can 
usually be made. 

Mr. Magdeburger’s description of the effect of a flywheel on the 
nodal position is applicable only when the engine, without a fly- 
wheel, is not coupled to an external mass. Operating in this 
condition has no practical significance in so far as generator units 
are concerned for an external mass is always present. Study of a 
system consisting of an engine and a generator driven by means 
of a shaft coupled to the crankshaft flange will show that the 
possibility of the node falling outside the engine exists; and for 
normal proportions the probability of occurrence is high (see 
Fig. 3 of Mr. Pyles’ discussion). The interposition of a flywheel 
at the crankshaft flange reduces this probability and the node 
usually falls within the engine, if by the latter is meant the engine 
crankshaft. Mr. Magdeburger further reviews the procedure for 
determining minimum shaft diameters. This point is so axio- 
matic that in oral discussion the author felt it unnecessary to 
refer to it. A review of generator shaft sizes used in practice 
and the minimums predicated by strength considerations will 
show a wide range of flexibilities to be feasible. 

The author agrees with Mr. Schweizer as to the necessity of pro- 
viding sufficient mass for proper speed control under load changes. 
Under such conditions, provided a modern fuel system is em- 
ployed, the behavior of the unit is a function of governor re- 
sponse alone; hence the lower mass limit for satisfaction in this 
respect is usually specified by the governor manufacturer. It is 
assumed that in mass elastic calculations the basic mass limits 
previously enumerated are respected. 

The question of the relative merits of the various means by 
which satisfactory regulation may be achieved is, to the author at 
least, an open question. There are undoubtedly many cases 
where the conventional arrangement may prove most satis- 
factory and economical. The use of an outboard flywheel does 
present difficulties, some of which are of a mechanical nature. 
However, the alternative of placing the flywheel inboard and as 
close to the generator as practical so as to make both virtually 
ohe mass appears quite promising and cases may arise where 
either of these two constructions may prove better than the 
conventional. 


Determination of Rate of Discharge in 
Jerk-Pump Fuel-Injection Systems’ 


C. R. Atpen.?- When the writer started to work with fuel- 
injection phenomena, he found a similarity to the transient 


! Published as paper OGP-60-2, by K. J. DeJuhasz, in the Febru- 
ary, 1938, issue of the A.S.M.E. Transactions. 
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phenomena existing in the electric circuit, wherein velocity of 
flow in the pipe has its direct counterpart in inductance, and 
compressibility or elasticity having its counterpart in capacitance. 
Experience with the hydraulic phenomena was a help toward 
understanding the electrical, and the groundwork of electrical 
training is quite a help in understanding what takes place in the 
hydraulic circuit. 


Hans Fiscuer.* Everybody who works on high-speed Diesel 
engines is confronted with problems of hydraulics in the in- 
jection system, and we can never get uniform hydraulics over 
a large speed range of the engine. 

The writer recently ran a series of tests with a certain nozzle 
and a certain nozzle spring. The test was run at engine speeds 
ranging from 600 to 2700 rpm. The combustion conditions 
were very satisfactory, except at 1600 rpm. At this speed, the 
load had to be reduced about 20 per cent in order to obtain a 
clean exhaust. We then tried another nozzle of similar type, but 
with a needle about 30 per cent heavier. With this nozzle, the 
erratic condition at 1600 rpm disappeared and the required 
load could be run without smoky exhaust. The writer would 
like to ask the author about vibration problems in hydraulics 
connected with the spring-loaded needle. Also, what is the 
effect of a constant nozzle orifice as used in the hole-type nozzle 
when compared with the pintle-type nozzle with its variable 
orifice? 


Cart Beun.* It would be interesting to know the com- 
parison between the author’s calculations as to duration and 
injection pressures and the actual measured results. That 
would probably tie in with Mr. Fischer’s questions. Has the 
author made comparisons of specific installations; that is, ap- 
plications of various pumps, delivery valves, delivery lines, 
and nozzles with various pressures for definite results of pressure 
rises and injection durations? How do these compare with the 
calculated pressure rise and duration? 


Dana W. Lee.’ The writer recently assisted in building 
a special injection valve which will measure the pressure at the 
nozzle. When we have secured some data with this nozzle there 
will be a very close check with either the graphical method of 
analysis or the mathematical method which has been adapted 
to this work The stem of this injection valve is of the usual 
differential-area spring-loaded type, but a '/;-in. hole was drilled 
along its axis for the entire length and a steel plunger placed in 
it. There is a close lap fit between the valve stem and the 
plunger so that the stem is free to lift during the injection period 
while the plunger remains stationary. One end of the plunger 
is exposed to the high-pressure fuel in the space between 
the stem seat and the nozzle orifice, and the other end rests 
against the piezoelectric crystal pickup of a cathode-ray oscil- 
lograph. 

Thus, we are able to measure the instantaneous pressure varia- 
tions at the entrance to the nozzle bore, and from these pressures 
the discharge rates may be easily computed by the usual flow 
formula. Variations in the discharge rate too slight to be de- 
tected by any other method are fully shown on the oscillograph 
screen. Friction between the stem and the plunger will intro- 
duce some error, but this should not be serious. Our greatest 
difficulty will be to get a true calibration of the oscillograph. 
If we can do that we will have a very sensitive and accurate 
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record of the injection pressure at the discharge orifice. We 


have made a preliminary check with satisfactory results. 


O. L. Rrecets.* The following comments do not refer to the 
author’s method of presentation, but rather to the objectives 
which must be reached through this analysis. From observance 
of various phenomena given considerable thought, and often 
confirmed by experience, the writer has found the aspect of the 
fluctuations is more complicated than generally supposed. The 
writer finds it logical that two major and different wave series 
are originated in a pump-injection system. 

The first will have the character of a pressure wave, originated 
by a pump stroke and na time much longer than 2L/a, or pipe- 
line period, and therefore of less violence. This wave is started 
some time before the injection valve opens. 

The other wave series is originated at the nozzle tip when the 
injection valve opens and the fuel column under pressure tries 
to regain its original density. 

In modern nozzles, with light moving parts, the opening time 
is only a fraction of 2L/a and this pressure-drop wave must 
therefore inherently be proportionally more violent. There 
probably will be no separation occurring in the column, but 
there must be some kind of contraction in the column itself. 

That the pressure-drop wave is the most powerful can be noted 
from the fact that the injection lag in good designs usually cor- 
respond to L/a. 

Although the two different wave series have equal speed of 
propagation and equal harmonics, the timing and intensity are 
different, and they are originated at opposite ends. To balance 
these against each other, as the writer has seen proposed, will 
therefore not be possible. 

Oscillographs of the fluctuations usually show unsymmetrical 
forms and wavefronts that only can be accounted for as a re- 
sult of more than one wave series. 

Another condition to be taken into account is the fact that 
the velocity of efflux starts at zero and accelerates as an exponen- 
tial curve against time, and in the short injection time never 
reaches steady flow conditions. 


L. H. Donnetu.?’ The author neglects the expansion of the 
pipe in comparison with the contraction of the fluid. There are 
probably other approximations of even more importance which 
are unavoidable in such a complex problem. However, it is of 
some interest that this approximation can be largely eliminated 
by use of a corrected fluid modulus. For thin-walled pipes* 


(1) 


+ (kd/Et) 

where k is the volume modulus of the fluid, k’ is the volume 
modulus approximately corrected for the effect of pipe flexi- 
bility, Z is the tensile modulus of the pipe material, and ¢ and d 
the wall thickness and average diameter of the pipe, respec- 
tively. 

For thick-walled pipes, the tangential and radial stresses at 
the inner wall due to an internal pressure p are 


[2] 


where 8 is the ratio of the outer diameter to the inner diameter. 
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The effective unit-volume change due to the contraction of the 
fluid and expansion of the pipe cross section (the effect of longi- 
tudinal strain in the pipe is somewhat complex and is not im- 
portant for thick-walled pipe) is then 


from which, taking Poisson’s ratio p» = 0.3 


k 
k 2.6 6 + 14 


It is interesting to note that even if 8 were infinite, a correc- 
tion would be required of about 2.5 per cent for steel pipe and 
5.5 per cent for brass or bronze pipe with fuel oil. For pipes 
designed with a reasonable factor of safety, the correction may 
of course be considerably higher. 

If such parts as reservoirs and pump cylinders were made of 
the same material as the pipe and designed with similar factors 
of safety, the foregoing value of k’ could be used with good ap- 
proximation for the complete system. 


AUTHOR’s CLOSURE 


Mr. Alden is quite right in pointing out the close analogy be- 
tween the transient phenomena in liquid columns and in electric 
circuits. Disturbances in linear elastic systems, be they mechanical 
(spring surges), hydraulic (water-hammer in conduits and _ in- 
jection phenomena), pneumatic (surges in intake and exhaust 
pipes), and electric (transient phenomena in electric circuits) form 
one great family and obey the same basic laws. 

It is quite conceivable that the application of such refined 
analytical tools as Steinmetz’ method of complex variables, 
and Heaviside’s operational calculus—-which are used to great 
advantage in electrical problems—would prove equally fruitful 
of results in the field of transients in hydraulic or mechanical 
systems. Nevertheless, it appears to the author that their 
abstractness sets them at a disadvantage in the eyes of a me- 
chanical engineer, in comparison with the graphical method used 
in this paper which gives at a glance a complete picture of the 
whole progress of the phenomenon. Conversely, the graphical 
method could probably be applied to electrical systems—if it 
has not been done already. 

Referring to Mr. Fischer’s discussion the influence on the 
spray of varying spring characteristics and needle mass can be 
taken into consideration in the graphical analysis, as it is shown 
in some simple examples in one of the author’s other papers.’ 
While diagnosis is not yet therapy, nevertheless it is a first step 
to it, and it is to be hoped that the graphical analysis will prove 
itself useful in designing nozzles with specified performance char- 
acteristics. 

Referring to Mr. Behn’s question, our experiments were n 
agreement, in the main, with the prediction of the graphical 
analysis. Detail differences can be accounted for by the sim- 
plifying assumptions which are necessary in all kinds of theories, 
and from which the present analysis is no exception. Such 
simplifications were the neglect of enlarged volumes in the pipe, 
the inertia of the needle valve, viscosity of the liquid, and leak- 
age. These could be taken into consideration by refinements 
in the analysis at the cost of added labor. No theory for a 
physical phenomenon can be expected to express fully the reality, 
yet a clear comprehension of the theory is an indispensable pre- 


® “Graphical Analysis of Transient Phenomena in Linear Flow,” 
by K. J. DeJuhasz, Journal of The Franklin Institute, vol. 223, April, 
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751-788, 
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requisite to any rational experimentation or development. One 
of the objectives of our present program of research, which is 
yet in its early stage, is to determine how far it is legitimate to 
introduce simplifications. 

It is gratifying to learn from Mr. Lee’s remarks that the 
N.A.C.A. continues the investigation of injection to which sub- 
ject they made such numerous and important contributions, and 
especially that an experimental checking of the analytical method 
is to be undertaken. All of us who are engaged in this field of 
research look forward with great interest to the outcome of such 
investigations. 

The author is in agreement with Mr. Donnell’s correction. 
The bulk modulus of the liquid is 


k = —V (dp/dV)... 


while for the purposes of our analysis, strictly speaking, the 
longitudinal compression modulus of the liquid column 


k’ = —I (dp/dl)..... 


should be considered. 
the equation 


The two quantities are interrelated by 


V =I (d? #/4)........... 


In a yielding pipe both / and d change with pressure according 
to 


ld ll ld? 
dp 4 dp dp 4k 
Substituting 
dd @? , 
dp 2Et dp a’ 
we obtain 
1 


(1/k) + 
With this value, the acoustic velocity in the column will be a’ = 


v(k'V), and the proportionality factor of pressure change to 
velocity change will be 


with which the graphical construction has to be performed. 

In the paper, for simplicity’s sake, this distinction between 
k and k’ was omitted in view of the practically nonyielding 
property of the thick-walled pipes used in fuel-injection systems; 
however, in case of thin-walled yielding pipes, the corrected 
k’ and a’ values should be used. 


U.S. Navy Correlation of Laboratory 
Tests on Diesel Fuels With 
Service-Engine Operation’ 


F. L. Garton,? Looking at the author’s fuel-performance 
curves on his various engines, we observe, for example, that in 
Fig. 10 for the Winton engine, he obtains severe knock with a 
computed combustion shock of about 1.75, whereas in Fig. 9 for 
the Buda engine anything below about 8 gave smooth com- 
bustion; that is to say, this figure for combustion shock by 
itself is not an indication of the value of a fuel unless you also 

* Published as paper OGP-60-3, by W. F. Joachim, in the February, 


1938, issue of the A.S.M.E. Transactions. 
? Shell Petroleum Corporation, Wood River, III. 


consider the engine in which it is determined. It is important 
to distinguish carefully between the effect of the fuel on the engine 
and the effect of the engine on the fuel. 


H. A. Evsretr.? Referring to the top curve of physical- 
chemical fuel-ignition indexes shown in Fig. 2 of the paper, the 
writer believes that the data could be better represented by a 
straight line rather than by the reverse curve used by the author. 
It would be interesting to know why the author chose to draw 
the reverse curve rather than a straight line. 


C. W. Goon.‘ The writer would appreciate knowing whether 
or not the author’s curves, showing pressure variation in the 
cylinder, represent the actual pressure throughout the cylinder or 
merely pressure waves which impinge upon the indicator. The 
writer believes that when the so-called roughness of the curves, 
due to the delay in combustion, is obtained a mean of the pres- 
sures in the cylinder at any instant with this kind of com- 
bustion would be less than that obtained with the better fuels; 
that is, there is a definite energy loss with rough combustion which 
results in a lower effective pressure on the piston. Has the author 
any information on this point? 


F. G. SHoeMAKER.® It is unfortunate that in conducting some 
of these fuel tests the pressure-indicator element was attached 
at the end of a tube of considerable length. For measurements 
where the rate of pressure rise is small, this arrangement in- 
troduces little error, but for high-speed engines, such as the 
Buda automotive type and the larger Winton two-cycle single- 
cylinder engine, the use of any tube length at all leaves the in- 
dicator card open to question as to the validity of any rate of 
pressure-rise measurements, such as are necessary in computing 
the combustion shock. 

It is hoped that other papers now being prepared on the effect 
of indicator-tube length will show the magnitude of the probable 
errors in the measurements reported in the present paper,! and 
that the tests can be repeated with improved instrumentation 
which will separate the characteristics of the fuel from the char- 
acteristics of the engine. 


Harts Cooke.’ For a long time there has been the question 
as to just how the results obtained on a very small cylinder 
correlate with that which happens in a large cylinder. There 
is not only the difference in the action of the fuel in actual opera- 
tion, but there is the difference in the testing. In a small cylin- 
der, the cooling factor is very great in proportion to the volume; 
also, the nature of the combustion in regard to combustion delay 
and knock rating will vary between the large and small cylinders. 

For example, in a cylinder of 18 in. diameter, the cooling factor 
is entirely different from that in a small cylinder, and no one 
knows just how the combustion process takes place in this larger 
cylinder. When the program reported in this paper! was in- 
itiated, the writer suggested that engine test cylinders be used 
which would give the difference between those various sizes. 
This was done but they only went to an 8-in. cylinder, and the 
tests with this cylinder apparently show there are differences in 
the test results with the 8-in. cylinder as against the very small 
one. Also, there are differences in the operating results between 
the larger and smaller engines. 
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The writer would like to see this research carried further, 
using still larger sizes of cylinders. If you had a cylinder of 
18 or 20 in. diameter, you could determine the difference between 
the characteristics of combustion in the larger and smaller cylin- 
ders. It would also indicate how the test methods on the smaller 
cylinder correlate with the actual operation of the fuel in the 
large-size cylinder. 


Outver F. ALLEN.” The writer would like to call attention to 
one phase of the program of correlating laboratory tests of 
Diesel fuels and lubricants with a service-engine operation; 
that is, the preparation of a fuel and a lubricant which the public 
will use for Diesel motors if such motors are to be bought and 
used more extensively. The public does not know the problems 
involved in the preparation of such fuels and lubricants, but is 
only interested in what they cost. Special kinds of lubricants 
and fuel for each particular type of engine will not be accepted 


P. H. Scuweirzer.’ The author’s comments regarding 
smoke variation with cetane number are interesting. In this 
respect, pure cetane was tested at the Pennsylvania State Col- 
lege in an engine with a compression ratio of 24, an intake tem- 
perature of 200 F, a supercharge pressure of 9 in. Hg, and an 
ignition lag of 4.8 deg. During this test some smoke was notice- 
able to the naked eye. This was contrary to the writer’s ex- 
pectations. However, as soon as the ignition injection was 
advanced as much as the high cetane would stand, the exhaust 
cleared up again. 

There is some question about the author’s computed com- 
bustion shock and its usefulness for rating Diesel fuels. From 
the figures presented in the paper, it appears as though the com- 
puted combustion shock really has a very high degree of validity. 
It is representative. 

However, the writer believes that two other properties in any 
test method are of value. That is, convenience and reproduci- 
bility. If any method were not convenient, then it would only 
be justified by a much higher degree of validity. The validity 
of the Joachim method seems good, but it is not very convenient 
to take indicator cards and find the points where rapid combus- 
tion begins and rapid combustion ends. Aside from its con- 
venience, the writer would be interested in seeing data on its 
reproducibility; that means, how two investigators agree on the 
value of the computed combustion shock as determined from in- 
dicator. diagrams. 


AvTHOR’s CLOSURE 


In answering Mr. Garton’s comment with reference to meas- 
ured combustion shock in different engines, the author has not 
been able to measure cylinder pressures at the main cylinder in 
some of these engines with commercial indicators. 
of the Winton engine, for example, there is a passageway over 
10 in. long making several turns and containing different hole 
diameters and needle-valve seats. In this case, the gas energy 
reaching the indicator is less than at the combustion-chamber 
wall. A paper is being prepared on measurements made on two 
different cylinder heads on this engine in which large differences 
in the gas energy reaching the indicator were found for relatively 
small differences in hole diameter and passage arrangement. 
Thus, while the computed combustion-shock measurements are 
usually numerically valid only on the engine on which the meas- 
urements were made, they have been used to rate successfully 
the ignition qualities of any number of fuels on the same engine 
and testing equipment by direct comparison of the test-fuel 
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shock measurements with those made on Shell reference fuels or 
on cetane-alphamethylInaphthalene blends. 

Mr. Garton is correct in stating that all these various fuel 
properties must be completely correlated with the actual per- 
formance of the engines in which the fuels are tested. 

Professor Everett has discussed an interesting and fundamental 
point in the drawing of the curves of Figs. 1, 2, and 3. The ex- 
planation for the reverse curves for the physical-chemical fuel- 
ignition indexes of Fig. 2 lies in the fact that for very high-ignition- 
quality fuels, i.e., fuels having high aniline points and Diesel index 
numbers and low viscosity-gravity constants and boiling-point- 
gravity constants, the curves tend to become asymptotic ver- 
tically upward to an unknown cylinder pressure somewhat 
above the compression pressure of the engine. On the other 
hand, for very low-ignition-quality fuels, ignition is sufficiently 
later and combustion sufficiently slower as to cause a decrease 
in the rate of maximum cylinder-pressure increase with low 
fuel-ignition quality, which trend, if still lower-ignition-quality 
fuels were tested with fixed injection timing, would cause these 
curves to have still more pronounced reverse or downward trends 
until discontinuity of the curves occurred at some low ignition 
quality due to the failure of the fuel to ignite in the engine 
cylinder. 

In contradistinction to the curves in Fig. 2, the curves of 
Figs. 1 and 3 are fundamentally hyperbolic, the curves becoming 
asymptotic to the vertical at zero values of the ignition delay 
and computed combustion knock for very high-ignition-quality 
fuels, and again asymptotic to some horizontal line at excessive 
ignition delays and computed combustion knocks for very low- 
ignition-quality fuels, until the curves probably become dis- 
continuous due to failure of the lowest-ignition-quality fuels to 
ignite. Similar trends may be noted in the C.F.R. engine fuel- 
ignition indexes of Figs. 1, 2, and 3. 

An analysis of the conditions of oscillating gas flow in an engine 
cylinder indicates that small losses in efficiency are sustained 
due to increased heat transfer to the combustion-chamber walls 
and, in the case of precombustion and afterchamber engines 
particularly, to the pressure losses caused by oscillating gas 
flow through the connecting orifice. Thus, while sufficient sub- 
stantiating measurements have not been made to date, the 
theoretical indications are that the average net effective com- 
bustion pressure resulting from a fuel causing oscillating gas 
flow, i.e., ‘rough combustion,” is less than that for a fuel giving 
nonoscillating or “smooth combustion.” 

Practically, however, the efficiency of combustion in the Diesel 
engine is primarily controlled by the thoroughness with which 
the fuel and air are mixed and how, where, and when ignition and 
the almost infinite number of combustion stages are completed. 
Thus, while slightly greater heat and gas-friction losses are sus- 
tained with oscillating gas flow in any engine cylinder, bigher 
thermal efficiencies are obtained in this afterchamber-type 
Diesel engine with relatively low cetane number, i.e., ‘“rough’’ 
fuels. The higher thermal efficiencies are due to a greater igni- 
tion delay and thus a longer and more efficient fuel-air-mixing 
period and probably a better fuel-spray placement in this type 
combustion chamber before fuel ignition, and to more thorough 
and continuous fuel-air mixing due to the oscillating gas flow 
during the combustion process. 

The probable cause of the oscillating gas flow in this type 
engine is initial combustion of some fuel in the engine cylinder 
followed by gas and entrained fuel flow into the afterchamber 
where a second and major combustion occurs, thus initiating the 
oscillating flow. In any event, the variable pressures shown on 
the expansion stroke of the indicator cards of Fig. 9 are repre- 
sentative of the gas pressures at the engine indicator and not of 
the pressures throughout the engine cylinder. 
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Lubricating Problems in Connection 


With High-Speed Diesel Engines’ 


H. A. Evererr.? The question of hard or carbon deposition 
on engine parts is so important that we cannot overemphasize 
the desirability of being able to predict in some manner what 
the carbon-deposition characteristics of an oil may be. 

It seems that it would be relatively easy to obtain carbon de- 
posits by designing a machine for this purpose; however, the 
staff of the research laboratories of the Pennsylvania State Col- 
lege found it difficult to design such a unit. After several at- 
tempts to obtain carbon deposits without actually burning fuel, 
we have come to the conclusion that carbon deposition can be 
obtained only by actual combustion and having the products of 
combustion immediately adjacent to the oil. Therefore, our 
research laboratories are developing a battery of small single- 
cylinder engines burning oil as in a larger engine. For these, 
when tested, we shall have as a background a series of oils of 
which we know the carbon-deposition characteristics from their 
service in full-sized engines. As soon as we can develop a tech- 
nique that fits the case, we shall then be able to check such car- 
bon-deposition characteristics against the data obtained in the 
laboratory. 

Carbon deposits influence lubrication problems; these prob- 
lems undoubtedly are of the type which need coordination be- 
tween the design of the engine and the lubricant used. Poor 
design with good lubricants can do nothing; obviously, the con- 
verse of this statement is just as true. 


kb. C. Harriman.? The writer believes that the company 
with which he is associated has successfully solved problems of 
carbon deposition. However, there seems some general objec- 
tion to additives, a thought born of a lack of recognition, pos- 
sibly, that the chemical engineer may be able to help materially 
in the solution of the problem. The ideal additive would be that 
which would be harmless to all kinds of metal, including the new 
high-lead bronze bearings, yet able to overcome the average 
carbon difficulties. The writer believes that such an additive 
would, if properly understood, be welcomed by Diesel men every- 
where. Manufacturers particularly should be interested, if 
for no other reason than that better performance and long-con- 
tinued efficiency without costly overhauls, makes for greater 
customer satisfaction. 

The company with which the writer is associated believes that 
an additive, to be successful, should be added not to the lubri- 
cating oil which logically should not reach the compression 
chamber, the source of carbon, but to the fuel that reaches im- 
mediately the seat of carbon formation. In one instance, Lubal 
was added to the fuel oil of a 250-hp four-cycle Diesel engine 
working at such a serious overload that constant trouble was 
the rule. This additive cut the consumption of lubricating 
oil from 14 to 7 gal each 24 hours, and sticking valves, which had 
been a regular occurrence, ceased. 

In another case, the Gas Products Company, Columbus, Ohio, 
installed a new 275-300-hp Cooper-Bessemer four-cycle six- 
cylinder Diesel engine on January 1, 1934. As specified by the 
manufacturers and borne out in practice, this engine required 
three gallons of lubricating-oil make-up each 24 hours. With a 
carbon-solvent additive, this make-up was cut to as low as 
one quart. This engine was operated more than 20,000 engine 


‘ Published as paper OGP-60-4, by C. G. A. Rosen, in the Feb- 
Tuary, 1938, issue of the A.S.M.E. Transactions. 

* Head of the Department of Mechanical Engineering, Pennsyl- 
vania State College, State College, Pa. Mem. A.S.M.E. 

Lubal, Inc., Columbus, Ohio. 


hours, much of the time at an overload. Water leaks around 
the cylinder liners necessitated an overhaul, at which time the 
rings were found as free as when installed, and worn so little the 
original manufacturer’s machined markings were still visible to 
the naked eye. These rings were put back into the engine for 
further service. 

In a third instance the Mystic Steamship Company, with two 
tugs in Boston harbor powered each with two 330-hp Winton 
engines had serious trouble with carbon and oil pumping. Car- 
bon solvent was added to the fuel oil and a very bad oil-pumping 
condition was cleared up entirely, smoking exhaust disappeared 
in about 48 hours, and the consumption of lubricating oil per 
24 hours dropped from 2 to 0.5 gal. 


Ravpex Miter.‘ It is known that the poorer the combustion, 
the greater will be the rate of carbon formation. Probably some 
of the carbon is formed by burning the lubricating oil; poor com- 
bustion with afterburning and high temperature during expan- 
sion will naturally accelerate this action. However, the greater 
source of carbon is no doubt incomplete combustion of fuel. 

The use of doped lubricating oils apparently makes it possible 
to operate successfully engines having inherently poor combustion. 
However, such special lubricating oils ought not to be resorted 
to until all means of improving combustion have been exhausted. 


Epcar J. Kates.’ The author of this paper apparently wishes 
to show that there is a direct relation between the characteristics 
of lubricating oil and the operating performance of high-speed 
Diesel engines, and that compounded lubricating oils are much 
to be preferred. With no thought of detracting from the author’s 
valuable experimental work, the writer wishes to suggest that the 
use of compounded oils at the present time presents certain 
practical objections, and that the first step in improving oper- 
ating performance should be the simple expedient of using more 
effective oil filters. The Diesel engine that is so designed that 
it will operate satisfactorily on a wide range of generally availa- 
ble lubricating oils is bound to give less trouble in the field than 
an engine that demands a special compounded oil with certain 
precise characteristics. All too frequently, engine operators can- 
not or will not use just the brand of oil recommended by the 
engine builder. Another objection to the immediate adoption 
of compounded oils is that the whole subject of oil additives is 
still in a primitive state, and that although laboratory research 
has shown that certain additives produce certain beneficial re- 
sults, no one is certain that widespread actual use may not dis- 
close unexpected harmful effects in other directions. 

There is one fact, however, that every Diesel engineer knows, 
and that is the moment a high-speed Diesel engine is started with 
a clean lubricating system, the oil rapidly turns black due to 
becoming contaminated with fine carbon particles. The cir- 
culating oil is thrown upon the cylinder walls and some is pumped 
upward where the rings travel. If these carbon particles meet 
even a small amount of gum or other binding material here, they 
will coalesce, and thus be largely responsible for sticking the 
rings. If the oil were fre. of carbon particles it would take much 
longer to form enough gum to stick the rings. Since piston-ring 
sticking with resulting blowby is one of the most important oper- 
ating difficulties of the high-speed Diesel engine, and since 
this is largely due to the fine carbon in the lubricating oil, why 
not equip engines with filters that will readily clean the lubri- 
cating oil and keep it clean? This cannot be accomplished by 
the usual metal-screen or cloth-bag filters. The metal screen 
is too coarse to remove the minute carbon particles, while the 


4 Chief Engineer, Diesel Engineering Department, Ingersoll-Rand 
Compai:y, Phillipsburg, N. J. Mem. A.S.M.E. 
’ Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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cloth bag, if of close enough texture to catch the fine carbon, 
quickly clogs up completely. There are, however, a number of 
filters available that are fine enough to remove all the carbon par- 
ticles, that have sufficient capacity to remain fully effective for 
a long period, that are inexpensive to install, and are easy to 
service. These filters are of the depth-cartridge type, the car- 
tridges consisting of a solid mass of cotton waste, fuller’s earth, 
or like material. Such filters are generally installed on a by-pass 
line so that they continually clean a portion of the oil in cireula- 
tion. If properly chosen as to size and rate of flow, they will 
remove the fine carbon as fast as it enters the crankcase, and 
maintain the entire oil system in a clean condition. 

The writer has had experience in three stationary plants, using 
two different makes of high-speed engines, where the benefits 
of really cleaning the lubricating oil were demonstrated. In all 
cases the engines originally used the filtering equipment fur- 
nished by the engine builder, which was afterward replaced by 
depth-type cartridge filters, whereupon the running time be- 
tween overhauls was greatly increased. 

For example, a 60-hp 1200 rpm engine running steadily at 
about */, load, using a disk-type metal filter required pistons to 
be pulled for cleaning and replacing rings on account of excessive 
blowby about every 500 operating hours. Since equipping the 
engine with a depth-type cotton-waste filter arranged as a by-pass, 
pistons are now pulled after running about 4000 hr and are even 
then in far better condition than under the previous plan. 
Furthermore, the crankcase oil now remains so free from harm- 
ful impurities, as shown by laboratory test that it need never be 
drained and replaced, whereas this was previously considered 
necessary after only 100 hr of use. 


H. M. Ruaa.* The use of additives must be approached very 
carefully and with a great deal of study and experiment before 
they can be recommended for regular use. The additive must 
be different for each objective to be accomplished. One additive 
is used for ring-sticking troubles, another for film strength, an- 
other tor pour-point depressor, another for corrosion inhibitor, 
and another to prevent oxidation and sludging; however, the 
trouble is that no one of the additives accomplishes more than 
the purpose for which it is intended. Furthermore, the additive 
used to improve the oil in one direction may cause undesirable 
results in other ways, as for instance, the additive used to over- 
come ring sticking may, and some already tried, do, cause cor- 
rosion. 

The writer does not mean to convey the impression that the 
association with which he is connected is averse to the manu- 
facture of compounded oils, but so many things are involved in the 
adding of other compounds to mineral lubricating oils that we 
must study carefully what that additive is going to do. It is 
the writer’s opinion that this thought is substantiated by a great 
many of the technical men in the oil industry. The association 
with which the writer is connected is not looking at this problem 
selfishly. We believe that when it is possible to establish co- 
operation, mentioned by the author, between the engine builders 
and the lubricating-oil manufacturers, you will find all Diesel 
engines operating on all good high-grade lubricants just as all 
gasoline engines do; also, that an oil can be produced that will 
function satisfactorily in both types of engines, thus avoiding 
any complicated setup in both the manufacturing and sales 
fields. This same situation existed in the development of the 
gasoline engine 20 years ago, but the troubles have practically 


6 Pennsylvania Grade Crude Oil Association, Birmingham, Mich. 
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all disappeared today. Diesel-engine interest has been phenome- 
nal these last few years, so much so that not sufficient time has 
been available for the necessary research and study that is re- 
quired to have the units operating satisfactorily in the field. 
Automobile manufacturers have always stressed the point that 
their products must not require special fuels, lubricants, or special 
attention in the field. The same thing should be true with Diesel 
engines, 


A. T. McDonatp. With reference to Professor Everett's 
remarks, it may be of interest to refer to the carbon tests de- 
veloped at the Sinclair laboratories and the correlation of their 
results to engine operation. This was reported by Voback and 
Fairlie at the Second World Petroleum Congress, Paris, June, 
1937. 


AUTHOR’s CLOSURE 


The author hopes that the work on carbon deposition at the 
Pennsylvania State College will be continued and ultimately 
the results published. Naturally, the operating cylinder is 
the more conclusive laboratory test. In Diesel-tractor service, 
where a year’s operation consists of from 3500 to 4000 hr with- 
out the necessity of any major repairs, it is essential to study long- 
distance operating conditions. Lubricants should not effect a 
shutdown during this period. 

The long-time factor, however, promotes the desire for shorter- 
time tests to evaluate lubricants. In attempting to simulate 
Diesel-operating conditions in a small gasoline engine, for pur- 
poses of observing piston carbon depositions on accelerated tests, 
it was found, for comparative purposes, necessary to operate at 
comparable air-fuel ratios and at the same ring-belt temperature 
range. Under such conditions, close parallel evaluations of 
lubricants were obtained as to ring sticking tendencies. Cer- 
tainly, the gasoline engine operated under most favorable com- 
bustion conditions during these tests. It was still evident that 
a consistent comparative picture was presented. Mr. Miller 
mentions the carbon-forming tendencies under the influence of 
poor combustion. A definition of poor combustion is essential, 
bowever, when considering the binder-forming tendencies which 
exist in all internal-combustion engines in varying degrees. 

It is true, as Mr. Kates points out, that fine carbon particles 
in the lubricating oil find their way into the ring-groove channels 
of a Diesel piston, and that some types of filters are effective in 
blocking off bulk quantities of these minute particles. They 
are effective, provided the filters do not unload their collected 
materials in concentrated volumes at inopportune times. Even 
an oil change will influence a filter adversely in this tendency. 

In tractor and road-machinery operation, dust must further 
be reckoned with, both as to filter accumulations and as to oil- 
change periods. Tests show definitely that the filter associated 
with the crankcase oil is too remote from the sphere of binder- 
forming tendencies in the region of the ring belt to diminish 
seriously the binders collected by the piston rings and ring 
grooves. Certainly, the lubricating-oil filter has its useful func- 
tion, and its range of benefits should be extended to more effec- 
tive removal of injurious materials in the oil-circulating system 
by continued cooperative efforts. 

It is of considerable interest to observe the intensive develop- 
ment and research efforts of members of the petroleum industry 
who have successfully made and marketed compounded Diesel- 
engine lubricants. The real enthusiasm for these continued de- 
velopments begins when field experience and operating economies 
justify their continued existence. 
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Heat Transfer and Flow Resistance 
in Cross Flow of Gases Over Tube 
Banks' 


{In the October, 1937, issue of the A.S.M.E. Transaetions 
three phases of a research program on convection heat transfer 
and flow resistance in crossflow of gases over tube banks, con- 
ducted by the Babcock & Wilcox Company, New York, N. Y., 
were reported by O. L. Pierson,? E. C. Huge,’ and EF. D. Grimison,* 
respectively. Although the three phases of the research program 
were published as separate papers,?** those who submitted 
written comments on the research program have discussed the 
papers collectively rather than separately. The discussion of the 
three papers are published herein.—Editor’s note. | 


J.G. These three papers? ** form a most valuable 
contribution to our knowledge of heat transfer and flow resistance. 
The investigation started as Pierson’s doctorate thesis at Rens- 
selaer Polytechnic Institute with the writer as adviser. Intrigued 
with the idea of applying the theory of models to heat transfer, 
Pierson initiated the preliminary plans for the investigation and 
proceeded to interest the Babcock & Wileox Company in it. 
Noteworthy and characteristic of Pierson’s work is the pains- 
taking care taken at every step of the program, as witnessed by 
the multiple check of the heat quantities of Fig. 18 of the paper 
and his tests on tube-surface temperature which led him to dis- 
card thermocouples in favor of the electric-resistance method. 


8S. P. Equation [1] of Grimison’s paper‘ includes 
Prandtl’s number, but Equations [2] and [2a] omit it. While 
this omission is no doubt valid for a single gas at constant pressure 
and substantially constant temperature, with either cooling or 
heating, these conditions were not maintained in the tests of 
Huge and Pierson. 

Generally accepted values for the exponent n in Equation [1 | 
of Grimison’s paper are 0.4 for heating and 0.3 for cooling. Using 
a constant value of 0.733 for air at 1 atmosphere and 60 to 80 
F, a variation in Prandtl’s number of 3.2 per cent will be found 
between heating and cooling. 

To extend the results of the tests to liquids, as the authors ?*\4 
suggest, the effect of Prandtl’s number must certainly be included. 


W.S. Parrerson.’? Grimison‘ and the authors of the two as- 
sociated papers** have presented numerous data and many charts, 
resulting from correlation of these data, all of which will be found 
invaluable in the comparison of heat transfer and flow resistance 
for various tube diameters and arrangements. Many facts pre- 


‘ Research Program of Babeock & Wilcox Company, New York, 
N. Y., published as papers PRO-59-6, PRO-59-7, and PRO-59-8, 
by O. L. Pierson,? E. C. Huge,? and E. D. Grimison,‘ in the October, 
1937, issue of the A.S.M.E. Transactions. 

2 ‘Experimental Investigation of the Influence of Tube Arrange- 
ment on Convection Heat Transfer and Flow Resistance in Cross 
Flow of Gases Over Tube Banks,” by O. L. Pierson, Trans. A.S.M.E., 
vol. 59, October, 1937, paper PRO-59-6, pp. 563-572. 

5 “Experimental Investigation of Effects of Equipment Size on 
Convection Heat Transfer and Flow Resistance in Cross Flow of 
Gases Over Tube Banks,”’ by E. C. Huge, Trans. A.S.M.E., paper 
PRO-59-7, vol. 59, October, 1937, pp. 573-582. 

‘“Correlation and Utilization of New Data on Flow Resistance 
and Heat Transfer for Cross Flow of Gases Over Tube Banks,” by 
E. D. Grimison, Trans. A.S.M.E., vol. 59, October, 1937, paper 
PRO-59-8, pp. 583-594. 

5 Professor of Heat Engineering, Rensselaer Polytechnic Institute, 
Troy, N. Y. 

* Research Department, York Ice Machinery Corporation, York, 
Pa. Jun. A.S.M.E. 

_ ? Engineer in charge of Contract Checking, Combustion Engineer- 
ing Company, Inc., New’ York, N. Y. Mem. A.S.M.E. 


viously suspected are now definitely known, such as, for example, 
that increasing the spacing in the direction of flow with tubes in 
line does, within limits, improve the cross-flow convection trans- 
fer rate, but at the same time increases the flow resistance for a 
given number of rows, although under certain conditions the re- 
verse seems to be true with staggered spacing, both in regard ta 
heat transfer and flow resistance. 

It is unfortunate, however, that much of the heat-recovery 
apparatus used in power plants employs a combination of cross 
and parallel flow over the various tube banks and very often the 
changes in direction of the gas stream occur within the tube banks 
to further complicate the problem of applying, with even reason- 
able accuracy, the results obtained with laboratory apparatus. 
Therefore, the very factors which the author mentions among the 
reasons for having to discard field test measurements, all operate 
to introduce large errors in the application of the results of these 
laboratory tests. 

As a simple example of how ignoring small details may cause 
errcrs, and an interesting application of the correlated data pre- 
sented, take the common arrangement of tubes used in a bent- 
tube boiler employing 3'/,-in. tubes. Most users of boilers seem 
to demand of the manufacturers that each individual tube be 
capable of independent replacement, regardless of its position in 
the boiler. This has resulted in the common practice of using 
alternate spacing of 5'/, in. and 6%/, in., an average of 6 in., 
which is not at all equivalent to a uniform 6-in. spacing. The 
alternate wide lanes handle much more gas than the narrow ones 
since the flow resistance through all lanes must necessarily be 
equal. Using Fig. 1 of Grimison’s paper‘ and evaluating both 
uw and p at the same temperature, it may be shown that mass 
velocity through the wide lanes will be, for the particular normal 
conditions assumed, 25 per cent greater than through the narrow 
lanes. For a given number of rows in each lane, the heat-absorb- 
ing surface is the same, the arrangement factor F, from Fig. 9 of 
Grimison’s paper‘ remains nearly constant, and the convection 
heat-transfer rate in the wide lanes will therefore increase only 
as the 0.61 power of the mass-velocity ratio, or about 15 per cent. 
But the weight of gas handled for a given amount of heating sur- 
face will be more than twice as great in the wide lanes as in the 
narrow lanes, because not only is the mass velocity greater but 
the flow area also. Therefore, for the example worked out, the 
gases leaving the wide lanes at the end of a ten-row-deep tube bank 
were 100 F higher than leaving the narrow lanes. 

This will explain in part why field data give inconsistent re- 
sults and conversely why laboratory data applied to commercial 
equipment require the use of a judgment factor in addition to 
the factors the author has considered in evaluating the data. 

The writer’s discussion does not mean to detract from the value 
of Grimison’s‘ conclusions as a guide in comparative studies be- 
cause, for example, the use of the same charts indicates that with 
a change to 3-in. tubes on 5’/s-in. and 6'/s-in. alternate spacings 
the heat absorption of the same amount of surface could be in- 
creased about 17 per cent without any increase in flow resistance. 
The writer repeats that Grimison’s‘ charts and final correlated 
results will be found of great value in this kind of comparison. 


E. W. Sritu.* The writer would have liked to check many 
points in these three papers,*** but was unable to do so because 
many of the original observations made by the authors have not 
been included. In general, Pierson’s results show higher friction 
factors than those of Huge; probably, this is due to one or more 
of the three following causes: (1) Air turbulence in the entering 
air stream, (2) the nearness of the walls and their effect, and (3) 
the bowing of the tubes as caused by uneven cooling. A 
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In regard to air turbulence in the entering air stream, M’In- 
tyre® and Griffiths and Awbery’® found that heat transfer could 
be increased by a turbulent air stream. With less rows of tubes 
it is probable that some of this turbulence would have been re- 
flected in an added heat transfer, Reiher’s results'' are also on 
the high side, due to his use of a wire mesh in front of the tube 
nest. The writer’? noted the same phenomenon in the test on a 
six-row staggered-tube bundle. In this case, the air stream was 
definitely turbulent and Nusselt numbers were obtained which 
were higher than those of other investigators. If it can be 
assumed that there was no special turbulence in this case, such 
an assumption is impossible in the case of the test made by Huge,’ 
due to the two rows of tubes before the main test element. 

The effect of the nearness of the walls has been demonstrated 
by M’Intyre.® It would be interesting to note the change in the 
Nusselt number for the author’s tests. 
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TRANSFER IN TUBE BUNDLES 
(References to Figs. 20 and 30 in this graph refer to E. W. Still's paper.'2) 


In regard to the bowing of the tubes, caused by uneven cooling, 
the air gap would be decreased if the tubes bowed, causing G 
to increase, and both the friction factor and Nusselt number 
would be high. This is what is seen to have happened in Fig. 8 
of Huge’s paper’ where the spacing of 1'/,-tube diameters magni- 
fies the effect. 

The shape of the friction curves should be considered cor- 
rect, including the dip in Fig. 7 of Huge’s paper, as will be seen 
by a comparison of the curves with those of a tube being pulled 
through a fluid, with its axis at right angles to the direction of 
the motion of the tube.'* Thus, the fairing of this lower portion 
of the curves, proposed by Grimison‘ would appear to be in- 
correct. 

The difference between the tests of Pierson? and Huge* may 
also be due to the change of temperature conditions. With the 


* ‘Heat Transmission to and From Tubes Set Perpendicular to a 
Stream of Air,” by J. T. M’Intyre, Journal of the Royal Technical 
College, Glasgow, Scotland, vol. 3, part 1, January, 1933, pp. 86-105. 

10 ‘*Heat Transfer Between Metal Pipes and a Stream of Air,’’ by 
E. Griffiths and J. H. Awbery, Proceedings of the Institution of Me- 
chanical Engineers, vol. 125, December, 1933, pp. 319-382. 

11 ‘‘Warmeiibergang von strémender Luft un Rohre und Roéhren- 
biindel im Kreuzstrom,”’ by H. Reiher, Forschung auf dem gebiete des 
Ingenieurwesens, no. 269, 1925. 

12 “Some Factors Affecting the Design of Heat Transfer Appara- 
tus,”’ by E. W. Still, Proceedings of the Institution of Mechanical 
Engineers, vol. 134, 1936, Fig. 20, p. 387. 

13 ** Aerodynamic Research and Hydraulic Practice,”’ by A. Fage, 
Proceedings of the Institution of Mechanical Engineers, vol. 130, 
1935, Fig. 3, p. 9. 
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constant heat input, and hence varying tube temperatures, a 
more correct temperature difference would be obtained using a 
cross-flow formula such as that given by Smith.'* For a condi- 
tion of 350 F initial and 750 F final pipe temperatures, with air 
in at 100 F and out at 450 F, such as might occur at low air veloci- 
ties, the contraflow temperature difference gives a figure very 
much higher than the cross-flow formula (254 F to 174 F). This 
correction would tend to bring the Nusselt numbers of Pierson’s 
tests in line with Huge’s tests. The example taken is probably 
an extreme case but it illustrates the effect very clearly. 

Another point is that the higher tube temperatures will cause 
the turbulent wake to break away from the tube at an earlier 
position on the tube perimeter and thus increase the friction. 

It is interesting to note that Grimison’s Equation [8], his final 
heat-flow formula, agrees with the estimate in Table 9 of the 
writer’s paper,'? but Grimison has reduced the error in the factor 
F, to much finer limits. 

The effect of the number of rows of tubes is shown in Fig. 1 of 
this discussion, which summarizes the results obtained by numer- 
ous investigators. These curves are similar in shape to those 
given in Fig. 17 of Pierson’s paper. 

The use of the air viscosity at a temperature mean between that 
of the tube and the main air stream is valuable confirmation of the 
contention made in the writer’s paper.'* Although this is known 
to be true for liquids, it had not been proved for gases, owing to 
the use of small temperature differences. 

Eagle and Ferguson suggested that for turbulent fluids there 
were three resistances to heat flow, namely, (1) a turbulent core, 
(2) a transition layer, and (3) a streamline skin against the tube. 
The turbulent core will be mainly a function of the Reynolds num- 
ber and should be taken approximately at the main-stream tem- 
perature. Since there is little flow in the stream-line film, the im- 
portant function will be the Prandtl number which should be 
taken at approximately the tube-wall temperature. Finally, the 
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transition layer is a function of both the Reynolds and Prandt! 
numbers and should be taken at some mean temperature. 

The thickness of the stream-line film will depend on its tempera- 
ture, and will thus vary with the heating or cooling of the fluid. 
In the case of air this is not so noticeable since the Prandtl num- 
ber is nearly independent of temperature for gases, although it 
would be particularly valuable to be able to check this from a 
record of actual observations. 

Such a phenomenon as just suggested has not been apparent in 
the two sets of tests reported in the papers,?:* but this may be due 
to too high film rates in Huge’s experiments, caused by the two 
rows of tubes placed in front of the test element. Perhaps this 


14“‘Mean Temperature-Difference in Cross Flow,” by D. M. 
Smith, The Metropolitan-Vickers Gazette, vol. 15, February, 1935, 
Fig. 4, p. 201. ns 
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increase balances the decreased rate to be expected from the cool- 
ing of the air, as compared to the heating in Pierson’s tests. 

The accuracy of the tube temperatures obtained by Huge is 
open to criticism, since the thermocouples must be placed very 
accurately to give mean readings, and the checking by means of 
the equation giving the film rates of water is very rough, as no al- 
lowance is made for scale or for the extra turbulence caused by 
the bends in the pipe which will certainly increase the water film 
rate. 

Although there seemed some doubt in the past about the values 
of the exponent of G, the writer’s figures support those of the au- 
thors for flow across tube bundles, giving an exponent of 0.6. 
The recent trials of Griffiths and Awbery,'® reported in a paper be- 
fore the Institution of Mechanical Engineers in 1937, give values 
of about 0.61. 

With regard to the friction coefficient it would seem probable 
that this is a compound factor. There will bea stream-line fric- 
tion near the tube and a turbulent friction in the core. In the 
case of oils, this becomes important, as is shown by Downie 
Smith?* who plotted the friction factor against the Reynolds num- 
ber and obtained a series of lines parallel to, but above or below, 
the isothermal line according to the direction of the heat flow, as 
shown in Fig. 2 of this discussion. It is probable that the same 
phenomena occur with air at these high temperatures, the hot 
tube increasing the turbulence as a result of increased viscosity. 


Scuack.’7 The measurements reported in these three 
papers?*4 are important because, for the first time, the influence 
of different tube arrangements and spacings on heat-transfer 
rate and pressure drop has been investigated accurately. The 
test results given in the three papers are for models and are applied 
to full-size equipment by the theory of similarity. The writer is 
of the opinion that this theory is less useful for the practical engi- 
neer than for the investigator. The theory of similarity is based 
upon the Navier-Stokes differential equations of the flow of vis- 
cous fluids, and is applicable to the mechanism of heat transfer. 
Based on the kinetic-gas theory, this mechanism of heat transfer 
can be explained physically as follows: Owing to the fact that the 
molecules are flowing backward and forward within the gas and 
arrive in the stream from the wall where they are at rest, a gas 
with parallel flow meets a frictional resistance, because the mole- 
cules, which have come to a standstill at the wall in the direction 
of fiow, must again be accelerated within the gas stream. If the 
temperature of the wall differs from that of the flowing gas, the 
molecules coming from the wall will not only brake the flow, but 
will arrive in the stream at a lower kinetic-energy than they had 
previously, because they have been cooled down by the wall, i.e., 
they have been subjected to a lower medium velocity, thus cooling 
the gas. Hence, there is a parallelism between friction and heat 
transfer in the case of parallel flow. Should the flow within the 
tube in question not be parallel, but turbulent, there will not only 
be an exchange of molecules between the wall and the gas flow, 
but also an exchange of larger fluid complexes, which are generally 
represented by microscopic whirls. Consequently, a flow meets 
a considerable increase of the frictional resistance and simultane- 
ously a considerable increase of the heat-transfer coefficient 
(called “gas-boundary convection conductance” in the papers un- 
der discussion) as soon as the flow changes from parallel to turbu- 
lent. 

It is obvious that the friction will increase as the specific weight 


16 Griffiths and Awbery, Proceedings of the Institution of Mechani- 
cal Engineers, 1937. 

1¢ “Heat Transfer and Pressure Drop for an Oil in a Copper Tube,” 
by J. F. Downie Smith, Transactions of the American Institute of 
Chemical Engineering, vol. 31, 1934-1935, pp. 83-112. 

7 Wilhelm-Marx-Haus, Fernruf 11912 und 16146, Diisseldorf, 
Germany. 


of single fluid particles increases, because such particles must be 
accelerated faster when they proceed from a state at rest on the 
wall to the flowing interior of the fluid. Consequently, the in- 
crease in frictional resistance in the case of a turbulent flow 
must be approximately proportional to the square of the medium 
velocity of flow and to the first power of the specific weight of the 
gas. As compared with this, the heat-transfer coefficient must 
be approximately proportional to the specific heat of the gas, the 
specific weight, and the velocity of flow, provided the component 
of the velocity of flow from the wall to the axis be proportional to 
the component of the velocity of flow in the direction of flow. 
The theory of similarity brings these considerations, which ap- 
proximate roughly actual conditions, into a more accurate com- 
pass, thus enabling the heat-transfer coefficients of gases, which 
have not been determined experimentally, to be calculated in 
advance from such physical properties, as specific heat and heat- 
conductivity coefficient. 

In the theory of similarity, the parity of Reynolds numbers is 
considered as a guide for the similarity of two different flows. As 
may be proved, however, the parity of Reynolds numbers is only 
a necessary but not an adequate condition for the similarity of 
two flows, for which reason the formulas derived from the theory 
of similarity may or may not be correct. Therefore, measure- 
ments should be made with the different materials. Now, con- 
siderable deviations will be noticed when applying the formulas 
of similarity on overheated water vapor flowing under pressure 
Nusselt’s general equation for the heat-transfer rate of gases and 
overheated vapors within a tube in case of a calmed turbulent 
flow is 


(wovyo) 0.79 @0.79 0.21 


a = 22.5 


where wp is the velocity converted to 0 C and 760 mm Hg, m per 
sec; yois the specific weight of the water vapor converted to 0 C 
and 760 mm Hg, kg per cu m; c is the specific heat, kcal per kg 
per deg C; \ is the conductivity coefficient, kcal per m per hr per 
deg C; dis the inside diameter of the tube, m; L is the Iength of 
the tube, m; and a is the heat-transfer rate, kcal per sq m per hr 
per deg C. If this equation were applied to the heat-transfer 
rate of overheated water vapor, there will be deviations up to 100 
per cent in the values measured in case of tube diameters of 100 
mm and a pressure of 7atm. Equation [1] of this discussion will, 
however, be satisfactory for a tube diameter of 40 mm, considering 
the fact that it was not originally derived for water vapor. By 
knowing the physical values of the material, the value of c°-7°, and 
expressing \°-*! as a linear temperature function, Equation [1] 
of this discussion becomes 


t 
a= + 2.66 ta) (2] 


for water vapor. Such an equation has the advantage that the 
values of the specific heat and heat-conductivity coefficient need 
not be looked up in handbooks of physical tables, and that the 
values thus obtained need not be handled with fractional expo- 
nents which may easily cause errors in calculation. 

Greater deviations will result from applying the theory of simi- 
larity to liquid water. For this condition, Schiller and Burbach 
derived the dimensionless formula 


where the terms with subscript w represent values measured at 
the wall temperature, and the terms with- subscript m represent 
values measured at the medium temperature between the liquid 
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and the wall. The average deviation between results obtained 
with this formula and direct measurements of the heat-transfer 
rate determined experimentally by Soennecken, Stender and Mc- 
Adams, and Frost averages about 70 per cent. Based on meas- 
urements by these experimenters, a simple empirical formula can 
be derived, and written as 


2030 
(1 + 0.014 


where t,, is the medium water temperature, C; w is the velocity 
of the water, m per sec; and d is the inside diameter of the tube, 
m. Results obtained by the use of this formula show a medium 
error of only 8 per cent from results determined experimentally 
by the previously mentioned investigators. Since the influence 
of the tube diameter is very small, one may write for tubes of over 
3 mm inside diameter 


a = 2900 w® (1 + 0.014 ¢,) 


without a noticeable reduction of the accuracy of Equation [4 | of 
this discussion. From these examples the writer concludes that 
the theory of similarity is admittedly of importance as an instru- 
ment for investigations, since it signifies in advance the way in 
which the measurements have to be made, and shows approxi- 
mately the influence of the different values of material for gases or 
liquids not measured to date. In contrast, however, it does not 
seem to be correct to give the practical engineer the formulas re- 
sulting from the similarity theory for the respective gases or liq- 
uids as a final result, especially without simultaneously stating the 
necessary physical values of material which is nearly always over- 
looked. In Europe these material values are generally available 
only in the physical measuring system, that is, egs units,and must 
be converted for use in the technical measuring system, which 
may easily cause errors, because the two measuring systems differ 
only by the constant of gravitation, which in the technical system 
has a value of nearly 10. Probably, there will be such a disap- 
pointing duality of measuring systems in America as well. 

For the few continuously adapted gases and liquids, such as air, 
smoke gas, hydrogen-containing gases, water and oil, empirical 
formulas should, therefore, be derived according to the writer’s 
foregoing example. They will be more accurate and more easily 
applied than formulas based on the theory of similarity. 

Furthermore, it seems to the writer that the usual plotting of 
logarithmic coordinates is not very useful, inasmuch as the accu- 
racy of the plotted results varies too much. The only advantage 
of logarithmic coordinates is that the exponential functions ap- 
pear as straight lines. The writer believes that the variation of 
accuracy outweighs this small advantage. 


T. LinpMarK.!* In the past few years the Technical Univer- 
sity of Stockholm (Tekniska Hégskolan) has undertaken, in co- 
operation with H. Martin, mechanical engineer, of the steam 
technical laboratory, some research work similar to that pro- 
moted by the Babcock & Wilcox Company. 

Researches dealing with the relation between the Nusselt 
number and the friction number on the one hand and the Reyn- 
olds number on the other hand are very important in order to 
give boiler designers a reliable basis on which to determine effi- 
ciently and economically the dimensions of tube banks. The 
most economical relation between the tube spacing (or the heat- 
transfer rate) and the pressure drop is a function of the conditions 
under which the boiler has to work. For instance, if a boiler were 
operated 7000 hr a year, it would be more important to reduce the 
pressure drop than the heat-transfer rate. If on the other hand, 


18 Professor, Technical University of Stockholm, Stockholm, 
Sweden. 
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the boiler were operated only 1000 hr a year (which often is the case 
in Sweden, where there are many peak-load and stand-by steam- 
power plants operating in conjunction with water-power plants), 
it would be more important to reduce the boiler heating surface 
and the production cost than the pressure drop and the boiler 
efficiency. The kind of fuel also plays an important réle. With 
oil fuel the tube spacing can be reduced more than with coal; es- 
pecially, with powdered coal it seems necessary not to reduce the 
tube spacing below a certain limit. 

The writer has studied the three papers,? ** particularly the 
ones by Pierson? and Huge* and has compared the results with 
results of similar experiments conducted in Sweden. 

The object of the writer’s research is approximately the same as 
that of the Babcock & Wilcox research, that is, to determine the 
convection heat-transfer rate between gases and tube banks and 
the corresponding pressure drop. The writer’s experiments, 
however, have been made only with staggered tubes, but have in- 
cluded a varying number of tubes in the line of flow (from one to 
12 tubes) and also varying angles between the fluid and the tubes 
(30 deg, 45 deg, and 90 deg). 

The convection-heat experiments were made with metal tubes 
5, 14, and 25 mm in diameter. The tubes were arranged with dif- 
ferent relations between transverse center distances and diame- 
ters, and also with different pitches parallel to the flow. The 
tubes were heated by condensing atmospheric steam, and the 
flowing medium was cold air. Part of the pressure-drop experi- 
ments were made with this same apparatus, but a number of tests 
were made with a special apparatus designed for cold water as the 
flowing medium in order to obtain wide limits in Reynolds num- 
bers for both transverse and parallel spacings. 

All of the writer’s results are not yet ready for publication; 
however, a few of them may be mentioned. We have found the 
same peculiarity as Pierson and Huge, namely, that the log-log 
line of the friction factor versus the Reynolds number is not 
straight but bends down at higher Reynolds numbers, that is, the 
power or exponent, which in our experiments always is < 0, de- 
creases at higher Reynolds numbers. We have also found that the 
power of the log-log line of the Nusselt number versus the Reyn- 
olds number is lower than the Reiher exponent, and in general, 
lies between 0.55 and 0.65. These limits and also our values seem 
to correspond approximately to the data in Pierson’s experiments 
for a 90-deg angle between the fluid and the tubes. 

It is interesting to note that power increases when the angle be- 
tween the fluid and the tubes decreases. It is also of certain 
practical importance to study the decrease in the Nusselt number 
and in the friction number at angles below 90 deg. 

The results given by the authors of these papers seem to be of 
considerable value to boiler designers in their endeavor to pro- 
duce correct and economical constructions. However, it would 
have been of importance if the authors had used half tubes in or- 
der to obtain flow more in accordance with real conditions. It 
also would be interesting to know if, and in such a case how, cor- 
rections were made for the influence of the walls of the tube banks. 
Also, the papers would have been of more value if the analysis of 
the primary results had been given in more detail. Pierson and 
Huge have calculated the film temperature in evaluating the 
curves of the friction factor versus Reynolds’ number as the tube 
temperature plus or minus eight tenths and nine tenths of the 
mean temperature difference for staggered and in-line arrange- 
ments, respectively. It would be of interest if the authors were 
to give more detailed arguments regarding this way of defining the 
film temperature. 


Max Jaxos.'® These papers®** enhance our knowledge of 


19 Research Foundation, Armour Institute of Technology, Chicago, 
Ill. 
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DISCUSSION 


heat transfer and pressure drop in tube banks, and reveal the dif- 
ficulties occurring in this field. The following analysis given by 
the writer is intended to improve the understanding and applica- 
tion of one important part of these papers, namely, the odd curves 
for the friction factor as found by Pierson’s experiments? and con- 
firmed by Huge’s measurements.’ To achieve this purpose, the 
writer uses Pierson’s Equation [3], retaining the same definitions 
of the terms in this formula, and adds the additional terms a, b, 
and d, as shown in Fig. 3 of this discussion, where d is the diame- 
ter of the tubes and a and b are variables. By denoting the pitch 
across the flow by ad, and the pitch parallel to the flow by bd, a 
dimensionless representation by the variables a and b is possible. 
By using all of these’symbols and Equation [3] of Pierson’s paper, 


ad 


OIRECT/ON 
OF FLOW 
Fig. 3 


the writer has represented, in Fig. 4 of this discussion, the friction 
factor f as a function of the pitch parallel to the flow, with the 
transverse pitch as a parameter, for Reynolds numbers of 4000, 
8000, 16,000, and 32,000 and for both staggered and in-line 
arrangements. 

It seems questionable to use the outer tube diameter d as the 
characteristic length in tube banks, as is done for a single tube, 
since the behavior of a tube bank is more similar to that of a series 
of nozzles with the distance (a — 1)d as the characteristic length.” 
For practical reasons, however, the writer has kept the Reynolds 
number (Re), related to d, as used by the authors. 

The points plotted in Fig. 4 of this discussion are taken from 
Pierson’s curves. By inspection of these figures, one realizes that 
(1) f decreases with increasing Reynolds numbers, (2) f is gener- 
ally greater for staggered than for in-line arrangements, (3) f 
increases with decreasing a, and (4) the influence of b is small for 
the staggered arrangement, while f increases with 6 for tubes in 
line. 

Items 1 and 2 have been known for a long time, and item 3 is 
easily understood, but item 4 needs explaining. With decreasing 
a, the friction of the gas at the walls of the tubes (and of the cas- 
ing of the tube banks), increases because the ratio of the tube sur- 
face to the transverse distance of the tubes is increasing. In the 
case of in-line tube arrangements, gas flows as through straight 
channels. Streams of gas passing through neighboring openings 
between the tubes come together again behind the tubes, causing 
friction similar to that occurring on the walls of channels; accord- 
ingly, f increases more with 6 than would be the case in a flow un- 
interrupted by tubes, in which case this part of the friction would 
besmall. In the staggered arrangement, on the other hand, there 
is no straight channel-like flow, but rather the flow is always di- 
vided by the following tube row. In this case, the nozzle effect of 
the tube grates and the impact effect of subsequent rows, both 
depending upon the number N of rows, and not so much on the 
length of the tube bank, surpass the influence of b. The experi- 

*0 “Pressure Drop Across Tube Banks,” by T. H. Chilton and R. P. 


Genereaux, Transactions of the American Institute of Chemicel 
Engineers, vol. 29, 1933, pp. 161-173. 
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ments conducted with staggered arrangement even seem to indicate 
sometimes a recovery of pressure; but, this can also be due to the 
deviations in measurement; likewise, as the increase of f with b 
fora = 1'/;, which differs from the observations of other values 
of a, as shown in Fig. 4 of this discussion. 

According to this qualitative analysis, the writer has developed 
two formulas for the friction factor. The first, for staggered-tube 
arrangements, is 


0.1175 
f = (Re),~*"* (02s [6] 


and the second, for in-line arrangements, is 


0.08 b 
f = (Re),~° 0.044 + [7] 


These equations show first the influence of the Reynolds num- 
ber. Muenzinger calculated indirectly an exponent — 0.24 fora 
staggered arrangement, and — 0.27 for in-line arrangement.*! 
Chilton and Genereaux,” on the other hand, suggested — 0.2 fora 
staggered arrangement, using however (Re)p = (a— 1) (Re), asa 
basis. 

The second factor of Equations [6] and [7] of this discussion 
isa sum. ~The first member of this sum is independent of the dis- 
tances ad and bd of the tubes. This represents mainly the part of 
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(The plotted points are taken from Pierson’s paper,? while the curves are 
drawn from values calculated by Equations [6] and [7] of this discussion.) 


the friction factor to be contributed to the pressure drop in the 
nozzles, plus the impact of the flow hitting the next row. The 
latter is great, of course, for staggered arrangement, and small for 
in-line arrangement, as mentioned before. 

The second term of the sum shows the influence of the distances 
ad and bd. Fora = 1, this term becomes infinite; in this case, 
the tubes touch one another, blocking any flow through the bank. 


21 ** Der Chemie-Ingenieur,”’ by A. Eucken and M. Jakob, Akademi- 
sche Verlagsgesellschaft, Leipzig, 1933, vol. 1, part 1, p. 131. 
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When the variable b = 1, we have the case of channels, the walls of 
which are formed by the tubes. 

With increasing a, the friction factor f decreases, as is the case 
with channels. However, a quantitative comparison would be 
difficult because one would have to decide (1) what part of the 
tube surfaces contributes to the friction loss, (2) what equivalent 
diameter must be taken, and (3) how the friction of the walls of 
the tube case, changing with a, must be considered. By this also 
the exponent of (a — 1) differs from that forachannel. But in 
any case the influence of (a — 1) runs in the right sense; that is 
a decrease of f with an increase of a — 1, as is the case in tubes 
and channels. 

Finally b represents the influence of the length of the tube bank 
(and of the case walls), caused by friction. As explained previ- 
ously this influence seems almost to be restricted to the in-line 
arrangement. 

For representation of the results with respect to Reynolds num- 
ber (Re) p, related to the free distance D = (a — 1)d between 
tubes, one may substitute (Re); = (Re)p/(a — 1) into Equa- 
tions [6] and [7] of this discussion. This seems to be preferable 
as already mentioned, but one should consider whether it is 
better to go a step further, introducing equivalent diameters of 
the openings between the tubes, and including also the influence 
of the case walls upon the flow from one row to the next one. 
The curves in Fig. 4 of this discussion are calculated by means 
of Equations [6] and [7] of this discussion. The agreement with 
the experimental points is quite satisfactory, except for the curves 
for a = 1'/; with the staggered arrangement, as mentioned pre- 
viously. 

The writer’s formulas relate to N = 10 rows, but can easily be 
applied also to other numbers of rows provided they are not too 
small, by using Pierson’s Equation [3]. Therefore, the writer 
hopes that the formulas will facilitate the use of Pierson’s and 
Huge’s results, and may complement Grimison’s empirical rep- 
resentation of their experiments. The writer does not claim 
that his formulas are final; they may be improved by means of the 
original data of these and other investigations. 


R. H. Norris”? anp A. W. Brunor.?* Since the comparison 
of the effects of different tube arrangements for a fixed thermal 
performance and fixed plan dimensions as given in Fig. 13 of 
Grimison’s paper‘ is a form of comparison particularly convenient 
for the choice of the best tube arrangements, it is unfortunate that 
the paper, as published, does not specify what fixed weight flow of 
gas per unit plan area (face area), nor what fixed thermal perform- 
ance, was used as the basis for this comparison, nor even what 
height of bank corresponds to the unit value of “‘relative height.”’ 
It seems likely that the comparative curves might be substantially 
shifted and their significance changed if a different weight flow or 
a different thermal performance were chosen, since the curves in 
Figs. 1, 2, 3, 9, 10, and 11 in Grimison’s paper‘ show substantial dif- 
ferences in relative values both of friction factor and of heat trans- 
fer at different Reynolds’ numbers, and since Fig. 17 of Pierson’s 
paper? shows substantial differences in the effect of bank height 
with different tube arrangements. If Mr. Grimison will specify the 
weight flow of gas, and either the thermal performance or, prefer- 
ably, the bank height, used as the basis of his Fig. 13, the curves in 
Fig. 13 will be much more useful. Furthermore, their significance 
will become much more comprehensive if sets of curves of the same 
quantities as in Fig. 13 can be published for at least two other val- 
ues of gas flow, and for one or two other thermal-performance 
values (and hence different bank heights). 


32 General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.E. 

23 Engineering General Department, General Electric Company, 
Schenectady, N. Y. 
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In view of the usefulness of comparisons of the type just dis- 
cussed, not only for banks of bare tubes, but also for banks of finned 
tubes, would it not be worth while for the A.S.M.E. to consider 
the standardization of the values of fixed weight of gas flow, and of 
fixed thermal performance used as the basis of such comparisons? 
The writers in their work on forced convection-heat exchangers 
have found the following two values convenient. 

1 Forstandard gas flow: A face velocity of 500 and 2000 fpm 
at 70 F and 14.7 lb per sq in. abs pressure (corresponding to 2250 
and 9000 Ib per hr and per sq ft mass velocity at the face area). 

2 For thermal performance: A value of unity for the ratio of 
temperature rise of gas to the log-mean-temperature difference, a 
value which corresponds, for air, to 1080 Btu per hr and per deg 
F log-mean-temperature difference for 1000 cfm of air at the condi- 
tions specified. 

Another matter that does not seem sufficiently explained in the 
three papers is the effect on air-pressure drop of the change of air 
velocity caused by the change in temperature of the air as it passes 
through the tube bank. As explained by McAdams,*‘ this change 
in velocity should add to the isothermal static-pressure drop a 
component equal to twice the increase in velocity head from inlet 
to outlet. That this component is not merely the increase in veloc- 
ity head, but twice this increase seems rather surprising when 
first considered, and may not be generally appreciated. Grimison‘ 
does suggest that his Equation [3] for pressure drop should be ap- 
plied with ‘‘due allowances for stack effect and differences in veloc- 
ity head between gage connection points,’’ but he does not defi- 
nitely state how these allowances are to be made, or whether 
they were made in all the tests reported. Moreover, these al- 
lowances are apparently not mentioned at all by the other two 
authors.?:3 

As mentioned by the authors, the results apply primarily to 
tube banks ten rows deep, and more data are needed for shallower 
banks. When such data are obtained it will be interesting to ana- 
lyze them to determine whether it will simplify correlation to divide 
the static-pressure drop through the tube bank into two com- 
ponents, one air ‘‘entrance loss,’’ and the other a component pro- 
portional to height (in the direction of air flow) of the tube bank. 
If the pressure drop due to entrance and exit losses were removed 
from the total pressure drop before calculating the friction factor, 
the friction factor so calculated would be more nearly independent 
of the number of rows than that reported in Fig. 17 of Pierson’s 
paper.? However, the results as presented in the present papers, 
which include the entrance loss in the stated values of pressure 
drop, are clear in their meaning and in a simple form for use where 
the duct leading to the tube bank has the same cross section as the 
face of the tube bank. It would be interesting to know whether, 
as one would expect theoretically, the static-pressure drop for 
a tube bank drawing air directly from a large chamber would 
differ from the drop for one drawing air from a duct by exactly the 
difference between the velocity heads in the duct and in the cham- 
ber. 

Another question on which more information would be inter- 
esting concerns the effect of the lack of half tubes at the sides of 
the duct to completely fill out the alternate rows. Pierson? states 
that the flow distribution was “good in all ranges of spacings 
tested, provided the flow areas were properly adjusted,’’ but it 
does not seem clear what the end clearances were after these ad- 
justments were made, nor how great an effect is produced by any 
particular change in these end clearances. 

Tn connection with the properties of air used in the calculation 
of results it may be interesting to note that, during the past 20 
years the reported values of thermal conductivity have been con- 
stantly increasing. This may be due to the improved experimen- 


24 ‘Heat Transmission,’ by W. H. McAdams, McGraw-Hill Book 
Company, New York, N. Y., 1933, p. 130. 
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tal technique, but in any event the result is that the most recent 
values are 3 to 4 per cent higher than those listed in the Interna- 
tional Critical Tables; therefore, the value of Nusselt’s number as 
reported by Pierson? and Huge? are higher than if the latest data 
were used. 


W. R. ano J. M. In the last sec- 
tion of Grimison’s paper,‘ the problem of heat transfer in tube 
banks has been analyzed and the individual problems still to be 
attacked have been outlined. Of the latter, the most important 
are, perhaps, (1) the evaluation of the length of radiant beam of 
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gas between the tubes, (2) the extension of the authors’ work on 
convection coefficients to high temperatures, and (3) the effect of 
slag deposits. 

Another factor which requires investigation is the effect of flow 
approach conditions on convection coefficients and friction fac- 
tors. Reiher™ has reported that turbulence in the approaching 
gas stream may increase the rate of heat transfer to a single tube 

* Engineer, Babcock & Wilcox, Ltd., London, England. 

** Engineer, The Stirling Boiler Company, Ltd., London, England. 
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by as much as 50 per cent as shown in Fig. 5 of this discussion. 
Therefore, in a 10-row staggered bank, where the first two rows 
may be affected by turbulence in the stream, the total heat trans- 
fer may be increased up to 10 per cent. 

Since the total drag on a cylinder placed in a gas stream is made 
up of friction drag at the surface of the body and pressure drag, 
which is a result of the change in the geometry of flow accom- 
panied by the presence of eddies, the effect of turbulence in the 
main stream is more difficult to assess. The variation of friction 
factor with Reynolds’ number, as determined by C. Wieselsber- 
ger, and also the factor for a sphere in smooth and turbulent air,” 
are shown in Fig. 6 of this discussion. Turbulence in the ap- 
proaching stream would appear to decrease the value of the fric- 
tion factor slightly. Fig. 6 of this discussion also shows a criti- 
cal value of Reynolds’ number above 200,000 where the possibility 
exists of decreasing pressure drop with increasing velocity. 

The presence of turbulence in the gas stream may be a possible 
cause for the discrepancy between Huge’s tests’ and the model 
tests by Pierson.? The positioning of radiation screens of tubes 
upstream from the small-scale and full-scale tube banks tested by 
Huge, cause disturbances which possibly affected the heat-trans- 
fer coefficients; whereas, in the model arrangement described by 
Pierson such radiation screens were omitted, the smoother flow 
resulting in a decrease in heat transfer. Grimison‘ has suggested 
that this discrepancy may be due to temperature effects, but it is 
to be noted that the factor k/u°-*! in Grimison’s Equation [8] 
changes somewhat slowly with temperature. 

The curves in Figs. 11, 12, 13, and 14 ef Pierson’s paper? show 
that the friction factor and Nusselt number do not always increase 
with tube pitch parallel to flow, for example, Fig. 14 shows a case 
in which the Nusselt number decreases while the friction increases, 
the complicated flow patterns and composite nature of the friction 
forees making generalization difficult. The eight-tenths and 
nine-tenths rule for evaluation of mean film temperature recom- 
mended by the authors has logical support for the latter reason; 
however, the actual values depend on the arrangement of tubes 
and probably to a slight extent on Reynolds’ number. 

The effects of bank depth on Nusselt number, shown in Fig. 17 
of Pierson’s paper,” are remarkably interesting in view of the re-. 
sults reported by Reiher!! who states that with in-line arrange- 
ments the heat transfer to the second row is lower than the first. 
We hope that Pierson will be able to continue his investigations 
into this important matter, since the curve in Fig. 17 is affected by 
tube arrangement and by Reynolds’ number. The discrepancy 
noted between the transfer rates to individual tube rows calcu- 
lated from tests of ten-row banks and those measured in tests on 
banks of varied depths is also mentioned by ten-Bosch** who 
states: “The first tube row in a bank receives somewhat more 
than a single tube row placed by itself.” 


Hart.ey Le Huray Smiru.”® These three papers are of great 
value because of the wide scope and well-planned experimental 
procedure and the high accuracy of the work. With respect to 
the interpretation of the data secured covering tube arrangement, 
effect of equipment size, and correlation and utilization of the 
data, the treatment seems inadequate and disappointing. While 
the writer’s general line of criticism is applicable to both divisions 
of the work, heat transfer and flow resistance, the discussion will 
be confined to the topic of heat transfer. 


27 ‘Applied Hydro- and Aeromechanics,”’ by L. Prandtl and O. G. 
Tietjens, McGraw-Hill Book Company, New York, N. Y., 1934, p. 
95 et seq. 

28‘*‘Die Warmeiibertragung,’’ by M. ten-Bosch, Julius Springer, 
Berlin, 1936, p. 156. 

29 Chief of Testing Bureau, Williamsburgh Power Plant Corp., 
Brooklyn, N. Y. Mem. A.S.M.E. 
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The fundamental deficiency of the authors’ interpretation is the 
emphasis upon the similarity principle rather than reliance upon 
the principles of dimensional analysis, and more specifically 
the obsession which seems to run through the interpretative treat- 
ment that fundamentally the Nusselt number must be presented 
as functions of the Reynolds number, however lacking in adequate 
comprehensiveness such treatment may be. 

Thus, Grimison‘ sets down as his Equation [1] the dimension- 
less equation giving the Nusselt number as a function of the Reyn- 
olds number and the Prandtl number, and then immediately pro- 
ceeds to disregard it on the score that for a single gas a functional 
relationship between the Nusselt number and the Reynolds 
number is sufficient, which relationship he lists as Equation [2]. 
But this abandonment of the Nusselt number as a joint function 
of the Reynolds number and the Prandtl number, and the accept- 
ance of the restricted function of the Nusselt number as a func- 
tion of the Reynolds number, on the plea that a single gas is being 
dealt with, misapprehends the nature of the joint function. Fur- 
ther, the whole purpose of the investigation was to determine the 
effect of various forms and arrangements of tube banks and of 
tube size in the cross flow of gas, so that a general use of dimen- 
sional theory is required to include the entire scope of the work, 
that is, the effect of tube spacing and arrangement and tube size 
Thus, Grimison’s Equation [1], which he abandoned immediately 
upon setting it down, is itself altogether inadequate to handle the 
general scope of the investigations of Pierson? and Huge.* 

A straightforward application of dimensional theory to the en- 
tire scope of the investigations of Grimison’s coworkers is needed, 
and this requires not an abbreviation of Grimison’s Equation [1 | 
but a decided amplification of it. 

It is well established in dimensional theory that all of the rele- 
vant measurements must be included in the general equation. 
This requirement characterizes all expositions of the subject from 
the earliest presentation of the theory by Buckingham to the 
more extended treatment by Bridgman*! and the more recent 
treatment by Doherty and Keller.*? 

The problem is to set up a dimensionless dependent variable 
which with respect to heat transfer includes the actual measure- 
ments upon which heat transfer depends, and then relate this 
dimensionless dependent variable to whatever number of dimen- 
sionless independent variables are necessary to explain why the 
dimensionless dependent variable took on the definite numerical 
values in the actual experimental work. 

In looking about for the requisite dimensionless dependent 
variable it is neither necessary, nor is it even proper, to use the 
Nusselt number. The impropriety of such usage will be dealt 
with lateron. At this stage of the discussion it is sufficient to say 
that the requisite, and most fundamental, dimensionless depend- 
ent variable is the ratio of the temperature rise to the logarithmic- 
mean temperature difference. 

This ratio is the most fundamental because the Nusselt number 
may be derived from it in conjunction with the Reynolds number, 
the Prandtl number, and the ratio of tube diameter to tube length. 
That is, in a single-pass heat interchange it is easily shown that 


It is obvious that the dimensionless ratio (tc, — te,) /t,, is derivable 
directly from the actual experimental work; therefore, it should 


30 ‘*Model Experiments and the Forms of Empirical Equations,”’ 
by E. Buckingham, Trans. A.S.M.E., vol. 37, 1915, pp. 263-296. 

31 “Dimensionless Analysis,’ by P. W. Bridgman, Yale University 
Press, New Haven, Conn., 1922. 

32 ‘‘Mathematics of Modern Engineering,’’ by R. E. Doherty and 
E. G. Keller, John Wiley & Sons, Inc., New York, N. Y., 1936. 
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be the fundamental dependent variable in the investigation. It 
is also obvious that whatever convenience or relevance the Nusselt 
number may have because of its increasing general usage is not in 
any way lost, because with the truly experimental dependent vari- 
able (te: — te,)/t,, established as a function of all the requisite di- 
mensionless independent variables, the Nusselt number may be 
evaluated offhand by means of Equation [8] of this discussion 
in the same way exactly that Grimison points out that the 
coefficient of heat transfer h may be derived by anyone who cares 
to use it from the new Nusselt number after it has been evaluated 
in the interpretative work. 

General dimensional theory postulating that all relevant meas- 
urements, including the dimensions of the apparatus, must be in- 
cluded in the general investigational equation, it follows that the 
tube diameter and the tube length must be included, and they 
may be included with the greatest ease because both being linear 
their ratio is dimensionless. 

The crucial element in the problem of interpreting these investi- 
gations on heat transter relates to the form and arrangement of the 
tube banks. The problem revolves around how the var.ous tube- 
bank arrangements, with respect to whether the rows were in-line 
or staggered and with respect to the tube spacing, may be formu- 
lated as dimensionless quantities, and so included in the general 
equation. 

It is necessary to set up an arrangement factor and a spacing 
factor. Pierson in his Fig. 1 and Huge in his Fig. 1 show the tube 
arrangements and tube spacings which they used, designated in 
terms of tube diameters. An arrangement factor is easily set up 
in dimensionless form as the mere ratio of the number of tubes in a 
row and the number of rows in the bank. A spacing factor may 
be set up as the ratio of horizontal and vertical projection spac- 
ings. 

The general dimensionless equation would then take the form 


It should be clearly understood, however, that the dimensional 
theory does not determine the nature of the function by which the 
dimensionless dependent variable is related to the various dimen- 
sionless independent variables. Therefore, Equation [9] of this 
discussion is not based upon any inevitable deduction from the 
dimensional theory but is strictly empirical. Abundant experi- 
mental evidence, however, in less widely ranging investigations 
than those of Pierson? and Huge,* have empirically established 
that the Reynolds number and the Prandtl number serve as 
independent variables when raised to some constant power, that 
is, when by. and 6,3 are constants, determined statistically or in 
the simplest cases by graphical plotting. These remarks apply 
also to the dimensionless variable constituted by the ratio of tube 
diameter to tube length. It is, therefore, merely an extension of 
this idea to write the two further dimensionless independent 
variables, the arrangement factor and the spacing factor, in the 
same manner as was done previously by the writer. This having 
been done, and taking logarithms, changes the general equation to 
the form 


GD 
log A + bi log-— + bis log“ 
m 


D N, 
+ db, log L + dys log N, + bie log 5 


Sy ... [10] 
This is a fortunate expedient because it reduces the actual deri- 
vation of A and the b coefficients to nothing more than the pro- 


cedure of standard linear multiple regression analysis—a proce- 
dure more and more widely used in various fields but seemingly 
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little appreciated in interpretation of engineering experiments. 
It is, however, entirely straightforward and standardized work. 
Various treatments of requisite procedure have been published, 
but the very best is undoubtedly that of Paul Horst.** Such a 
method as Horst’s not only highly systematizes the procedure, 
but results in the evaluation of auxiliary constants which estab- 
lish the validity not only of the over-all determination, that is 
the multiple correlation coefficient, but also the validity and 
strength of relationship between the dependent variable and 
ach one of the independent variables. 

With respect to the evaluation of the two highly important 
dimensionless variables, the Reynolds number and the Prandtl 
number, the distinction between them is that the Reynolds num- 
ber is a joint function of velocity and temperature, whereas the 
Prandtl number is a function of temperature only. However the 
question is: What temperature? On this issue some recent work 
of importance has been done, notably that of E. W. Still." 
Editorial discussion in Engineering* stated: ‘The most common 
procedure is to take « at the mean fluid temperature, but Mr. 
Still’s paper employs two different values, one, in the group 
c,u/k being the value at the temperature of the metal wall and 
the other, the Reynolds number, being taken at the mean of the 
wall and fluid temperature.’’ Mr. Still later discussed the tem- 
perature evaluation of these two dimensionless numbers, stating :*° 
“For an accurate estimation of h, these two factors must be cal- 
culated at their ‘effective’ temperatures, which are different.”’ 

Of particular interest in this connection is the work of Pierson? 
who delivered heat to the fluid (air) by means of electrical energy 
supplied to rods, and included in his experimental work deter- 
mination of the rod temperatures. As he brings out in his paper,’ 
the resulting rod temperatures ranged very widely, because no 
matter how much heat had been imparted to the air, as it moved 
toward the exit in the rod banks, the heat generated electrically 
in the rods had to be transmitted to the air, with consequent rise 
of temperature of the rods, near and at the exit end, to very high 
values. 

The mean temperature difference, constituting the denomina- 
tor of the dimensionless dependent variable should be used as the 
logarithmic-mean temperature difference rather than making use 
of the arithmetic-mean difference. 

After a multiple regression analysis of the general dimension- 
less equation put in logarithmic form had been carried out it is 
worth noting that assigning definite values to the arrangement 
factor and the spacing factor would reduce the equation to one 
which would make the dependent variable a function of the Reyn- 
olds number, the Prandtl number, and the ratio of the tube 
diameter to tube length. 


With respect to the use of the proper dimensionless dependent 


variable, and the impropriety of using the Nusselt number as the 
dependent variable, the issue hinges upon the maximum validity 
attainable in multiple-regression analysis of the general equation 
in logarithmic form. If the Nusselt number were used as the de- 
pendent variable, the left-hand and the right-hand sides of Equa- 
tion [10] of this discussion would be affected by spurious correla- 
tion because, as shown previously by the writer, the Nusselt 
number is really derived from the Reynolds number, the Prandtl 
number, the ratio of tube diameter to tube length, and the ratio 
of temperature rise to mean temperature difference. The first 
three of these dimensionless ratios should therefore not be present, 
in disguised form, on the left-hand side of the equation. Spurious 


**“*A General Method for Evaluating Multiple Regression Con- 
stants,”’ by Paul Horst, Journal of the American Statistical Association, 
September, 1932. 

** ‘Heat Transfer,” Engineering, vol. 143, April 23, 1937, p. 467. 

** “Letter to the Editor, by E. W. Still, Engineering, vol. 143, 
May 14, 1937, p. 549. 


389 


correlation when present in multiple regression by no means com- 
pletely nullifies the validity of the regression work, but it does 
hinder it, that is, it reduces the otherwise attainable general 
validity. 

It is perfectly obvious that multiple-regression-analysis func- 
tion carried out with log (tc,—te,/t,,) as the dependent variable 
leads to the simplest sort of manipulation if it is desired to restate 
the results in terms of the Nusselt number as the dependent vari- 
able, since obviously all that is necessary is to increase by unity 
the exponents by, b;;, and 6,4. In other words, the general Equa- 
tion [9] of this discussion would, after such transformation, take 
the form 


There is reason to expect that multiple-regression work of the 
sort indicated by the writer would coordinate the work of Pier- 
son? and Huge* much more comprehensively than Grimison’s‘* 
has done, and furthermore, if this proved true, the applications to 
definite actual heat-transfer apparatus would be far simpler. 


ADDENDUM‘ 


After the release for publication of this paper, it was noted that 
the values of the physical constants used in correlation of the 
data of Huge and Pierson had not been included. The values 
used, for dry air, are shown graphically in relation to temperature 
in Fig, 14 where the sources of the data are given. 

In Huge’s small-scale tests, atmospheric air diluted with small 
quantities of products of combustion of natural gas was used as 
the flowing gaseous medium, while in Huge’s full-size tests and 
in Pierson’s tests, the fluid was atmospheric air with whatever 
moisture or humidity occurred. However, the values for dry 
air, shown in Fig. 1, were used for analysis of all the test results. 
Comparisons were made of values of absolute viscosity and ther- 
mal conductivity for the full range of gas mixtures encountered, 
with the values for dry air. The error resulting from the use of 
dry-air values was of the order 1.5 per cent maximum and in 
most instances 1 per cent or less. To simplify calculations, this 
error was neglected, as it is within the probable accuracy of the 
results. 

It would have been desirable to have published all the details 
of data and analysis in the paper, to permit critical study. The 
volume of material was so great, however, that the report had to 
be considerably condensed, and some parts given less extensively 
than was desirable from one viewpoint or another. As the 
method of application of the correlated data may not be obvious 
to some engineers interested in its use, this portion of the report is 
expanded somewhat. 

For pressure drop or draft loss, the relation of Equation [3] of 
the paper is directly applicable. The form of this relation is 
conventional, and the variables included in it are fully defined in 
the paper. Values of the friction factor are given in Figs. 1, 2, 
and 3. The friction factor is given in relation to both tube spac- 
ing and Reynolds’ number, and as evaluation of the latter is 
troublesome in routine calculation work, the chart of Fig. 15 is a 
convenience. On this chart, the ratio of Reynolds’ number to 
mass flow Re/G is plotted in relation to the gas temperature, for 
several commonly encountered values of tube diameter. To 
evaluate the Reynolds number for any given set of conditions, 
the value of the ratio Re/G is taken from the chart, and multi- 
plied by the mass flow G. Values of the ratio Re/G are given by 
this chart for both air and average flue gas, and are accurate 
enough for all commercial calculations. In calculations of pres- 
sure drop or draft loss, the chart of Fig. 15 is entered at the value 
of gas temperature ¢p defined in Equation [6] of the paper. 


a 
a 
; 
4 
| 
4 
1 
4 
] 
[ 


390 TRANSACTIONS OF THE A.S.M.E. 


Draft losses calculated by means of Equation [3] of the paper 
and the friction-factor values of Figs. 1, 2, and 3, are slightly high 
for banks greater than 10 rows in direction of flow, but this error 
can safely be neglected. For banks less than 10 rows in depth, 
the error is relatively large on the low side, particularly for shallow 
banks of from two to five rows in depth. Correction factors 
should be taken from Fig. 17 of Pierson’s paper for shallow tube 
banks. 

The rate of convection heat transfer between banks of tubes 
and air sweeping the tubes transversely, may be calculated di- 
rectly from Equation [8] of the paper, using values of the ar- 
rangement factor F, from Figs. 9, 10, and 11. Values of thermal 
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conductivity k and absolute viscosity u« are given in Fig. 14, with 
this addendum, and are evaluated at an average of gas and tube 
mean temperatures, as defined in the paper. 

The relation of Equation [8] is, however, a very troublesome 
form for calculation, and should be charted for convenience of use. 
The curves of Fig. 16 show one method of charting which is useful 
within a limited range of mass-flow rates of the gas. The prin- 
cipal chart of Fig. 16 shows convection conductance or heat-trans- 
fer rate for air, flowing over a bank of tubes 1 in. OD, and ar- 
ranged in such a way as to have an arrangement factor F, = 1. 
The values of heat-transfer rate for air, from the main chart of 
Fig. 16, are to be corrected for the effects of (a) diameter (cor- 
rection factor is taken from the small insert chart of Fig. 16) and 
of (b) tube arrangement, from Figs. 9, 10, or 11. Summarizing, 
the procedure is as follows: 

Heat-transfer rate for air in crossflow = (chart value from 
Fig. 16)’ X (tube-diameter factor from insert chart of Fig. 16) 
(arrangement factor from Figs. 9, 10, or 11). 

The values of the arrangement factor F,, depend in part on Reyn- 
olds’ number, as shown in Figs. 9, 10, and 11. To evaluate the 
Reynolds number, Fig. 15 may be used, entering the chart at the 
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value of mean film temperature, or average of gas and tube mean 
temperature. 

Heat-transfer rates determined by the foregoing procedure are 
correct average values for banks of tubes 10 rows in depth. 
For deeper banks the error is small and may be _ neglected. 
For shallow banks, average heat-transfer rates are substantially 
smaller than for 10-deep banks, and correction factors are shown 
in Fig. 17 of Pierson’s report. However, these corrections apply 
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to undisturbed flow of gas at entrance to the bank. When mass 
disturbances of entering gas exist, it will be more nearly correct 
to neglect entirely any correction for bank depth. 

As noted in Fig. 16, rates of convection heat transfer for aver- 
age flue gas are about 2 per cent higher than the values deter- 
mined by use of these charts for air under similar conditions of 
mass flow and temperature. This value results from applica- 
tion of Equation [1] of the paper, with an exponent of 0.4 arbi- 
trarily assigned to the Prandtl number. This approximation is 
satisfactory for most practical purposes. 

Limitations on direct application of heat-transfer rates, cal- 
culated by means of Equation [8] and the accompanying charts, 
are outlined in the paper. The relation of the heat-transfer rate 
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between gas and tube to the over-all rate between the gas and the 
fluid flowing inside the tube, is also indicated in the paper, and 
methods of application are suggested. 


AvTuors’ CLOSURE 


It is gratifying to note the many valuable suggestions offered 
in the discussions, and particularly the general acceptance of the 
experimental results of Huge and Pierson. The authors’ desire, 
and that of all those connected with this research program, has 
been to make available the full benefit of the new data to the pro- 
fession, not only for immediate application, but also for future 
analysis and interpretation as to extension of theory or practical 
utility. To this end the original results of the experiments have 
been given, as fully as practicable within reasonable space limita- 
tions. It was expected that these observations would afford a 
foundation for continuing development of broader relations by 
skilled analytic treatment. Dr. Jakob’s extension of our analysis 
in the case of flow resistance, and his rational interpretations of 
the forms of the relations which he develops, support these hopes 
for broad scientific utility of the data, as well as immediate prac- 
tical benefits. 

The discussions raise few questions of useful application of re- 
sults, but are mainly concerned with interpretation of the ex- 
perimental data, including some criticisms of details of the analy- 
sis that was used. Most of the discussers who have concerned 
themselves with the analysis, accept the general basis on which it 
rests, but several prefer the extended forin of the convection rela- 
tion in terms of dimensionless ratios, as given in Grimison’s Equa- 
tion [1], to the simplified form of Equation [2] for a single gas, 
which was used. Dr. Schack’s discussion is valuable for the 
rational theory of the background of the relations which have 
been used. His suggestion of the use of simpler forms for working 
relations was anticipated and several charts were prepared, illus- 
trating means of using the new data in routine calculations, which 
were shown in presenting the papers at the A.S.M.E. Annual 
Meeting. These are included in an addendum to the paper by 
Grimison which is published with these discussions. 

Mr. Soling believes that the inclusion of the Prandt] number in 
the general relation for heat transfer would have improved cor- 
relation of the results of Huge and Pierson, and this may be true. 
His values of the exponent of the Prandtl number (0.4 for heating 
and 0.3 for cooling) are derived from experiments on liquids, and 
as the handling of temperature effects is the principal element of 
empiricism in correlations on the similarity basis, it has seemed 
best to avoid any device which is not demonstrably correct for 
the conditions of the subject experiments on gases. Mr. Still 
also suggests retention of the Prandtl number in the general re- 
lation and it is, of course, understood that this may be done, but 
it does not appear that the utility of the conclusions will be im- 
proved. 

Mr. Smith is correct in his belief that a better understanding 
and wider use of statistical methods by engineers may improve 
their correlation of test results. His carefully prepared discus- 
sion outlines a meansof correlating the present experimental results 
by the methods of statistical mathematics, and suggests a much 
more general form of the convection equation, with more dimen- 
sionless terms, than that used in the papers. In applying statis- 
tical methods to quantities that represent physical relations, it is, 
of course, necessary to keep in mind the hypotheses on which the 
mathematical analyses and conclusions are based. It would be 
interesting to compare the results of analysis by a method, such 
as that which Mr. Smith has discussed, with those reported, but 
the authors have not yet been in a position to undertake the large 
amount of work required. 

Mr. Patterson’s application of the results is an illustration of 
how the papers may be used to analyze conditions in power 


boilers. Difficulties arise in applying the data to complex con- 
ditions and some of the limitations on their application have been 
indicated in the reports. One of the original objectives of the 
program, as Professor Fairfield mentions, was to investigate the 
possibility of setting up a technique whereby these more complex 
problems might be solved within allowable limits of expense by 
laboratory tests of models. The test program has done much to 
validate a working theory for the application of conclusions based 
on model data, to full-scale equipment. 

The possible effects of turbulence and proximity to walls have 
been mentioned by Messrs. Still, Lindmark, Norris and Brunot, 
and Hawthorne and Campbell. Questions on the effect of turbu- 
lence of gases approaching the tube bank arise from the pos- 
sibility of radiation screens of tubes used by Huge creating suf- 
ficient disturbance to affect test results. These screens were 
located a minimum of 17 tube diameters in front of the test sec- 
tion. This was proved to be sufficient to eliminate disturbance 
in Huge’s full-seale tests because relative heat-transfer rates in 
the first few rows of tubes agreed with similar values from Pier- 
son’s tests where there were no disturbances of the air approaching 
the bank. In Huge’s small-scale tests the relative distance be- 
tween radiation screens and main banks was even greater, rang- 
ing upward from 20 tube diameters. 

Half tubes were not used at the walls because their omission 
corresponded to actual practice and because sufficiently wide 
banks were tested to minimize any wall effect. This was verified 
experimentally by using half tubes in full-seale tests of the 2 x 3 
staggered arrangement. The results agreed with other data for 
the same spacing. No correction for nearness of the walls is 
justified, as the velocity approaching the banks was demonstrated 
to be uniformly distributed for all tests. The effects of velocity 
change mentioned by Messrs. Norris and Brunot were investi- 
gated, but no correction was applied. The maximum error was 
about 4 per cent. This correction represents the difference in 
velocity heads between entrance and exit conditions. 

Mr. Still has suggested possible error arising from definition of 
mean temperature difference. In Pierson’s tests both air and 
tube temperatures were known in each row of the bank and the 
mean temperature difference was taken as the average of the 
individual-row temperature differences. In Huge’s small-scale 
tests the fluids were in counterflow instead of true cross flow and 
the usual counterflow formula appears to be applicable. For 
Huge’s full-scale tests the surfaces were at uniform temperature 
and the log mean temperature difference is substantially correct. 
Mr. Still also suggested the possibility of tubes bowing due to 


-uneven cooling. This danger was recognized and throughly in- 


vestigated prior to Pierson’s tests. Actual measurements under 
test conditions revealed a maximum deformation of about 0.005 
in., always in a downstream direction. Bowing was thus elimi- 
nated as a source of error. 

Messrs. Norris and Brunot have inquired about the basis of the 
chart which is Grimison’s Fig. 13. This was prepared by using 
as a base, a 15/, X 2 in-line arrangement of tubes operating at a 
Reynolds number of 8000 and is applicable only when the banks 
compared have the same tube diameter, the same temperature 
conditions (which requires the same total gas flow and the 
same heat transferred) and the same plan dimensions. As 
pointed out in the discussion the variation in arrangement 
factor with Reynolds’ number makes the chart approximate for 
many conditions. It is also necessary to restrict its application 
so that the minimum height of bank considered is ten rows. 
Charts of this sort are approximate guides in design rather than 
means of accurate solution. 

Professor Lindmark has asked for details concerning the medi- 
fied film temperature used in conjunction with Pierson’s Equa- 
tions [3] and [4]. This temperature was arrived at by an em- 
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pirical consistency method. Tests were made of a number of 
tube arrangements with tubes and gas at the same temperatures, 
there being no heat transferred. Friction factors could be defi- 
nitely evaluated for these tests as there was but one possible 
temperature at which to evaluate physical constants. Tests 
were then run with one or more different rates of heat trans- 
fer in the same arrangements and friction factors compared 
with those for isothermal conditions. It was found that evalua- 
tion at the temperature defined on page 566 of Pierson’s paper 
produced a satisfactory correlation of all data for a given tube 
arrangement. 
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Dr. Jakob comments on the use of slot width instead of tube 
diameter as the linear dimension in Reynolds’ number. This and 
other definitions of Reynolds and Nusselt numbers were studied 
before publication of the papers. The use of tube diameter as 
the characteristic dimension yields correlations as satisfactory 
as other dimensions and is certainly least subject to error in ap- 
plication. 

The several confirmations of the published results are gratify- 
ing. All engineers will look forward with interest to the 1937 
trials by Griffiths and Awbery and it is hoped that the new work 
by Professor Lindmark will be published at an early date. 
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Tests of a 7 by 10!1/-In. Bearing at 3600 Rpm 


By L. M. TICHVINSKY,! EAST PITTSBURGH, PA. 


This paper deals with the first stage of the test of a7 
10'/,-in. bearing at 3600 rpm of the journal. 

It is shown that in gradually bringing such a bearing to 
full loading its performance as a guide bearing at zero 
and small loads changes to the performance of a power 
bearing at high loads. At small loads the losses are pro- 
duced in the nearly uniform circumferential clearance, 
while at high loading the predominant part of losses is 
produced in the carrying oil film. The relative distribution 
of losses in the carrying oil film, reliefs, and upper clear- 
ance is represented* graphically as a function of load and 
pressure on the basis of theoretical calculations. 

Further investigation will be continued in which the 
speed of the journal will vary over a wide range. 


N ENGINEERING design, guide and power bearings require 
| separate consideration especially where one bearing performs 
the functions of both types. 

The difference between a guide bearing and a power bearing 
consists in the fact that the journal in the former runs concen- 
trically with the bearing shell, while in the latter the journal 
runs eccentrically. The guide bearing is radially loaded only 
slightly or not at all, while the power bearing sometimes carries 
large loads. Most of the guide bearings are of the type called 
full-journal bearings in which the uniform oil-film thickness 
envelops the journal entirely. The power bearing performs 
quite differently since the effective load-carrying oil film is 
formed by only a certain fraction of the two cylindrical surfaces. 
The performance and method of calculation of these two types 
of bearing, known to physicists and engineers for a good many 
years, were first explained at about the same time by Petroff (1)” 
and Reynolds (2). The shear forces in the oil film of a guide bear- 
ing form the predominant factor which governs the performance of 
such a bearing. These forces can be expressed by Newton’s 
law in the following manner: 


ZAU 
F = 1.45 X 1077 (1) 
where 
F = shear (viscous) force, Ib 
Z = viscosity, centipoises 
A = contact area, sq in. 
U = peripheral velocity of journal, in. per sec 


h = oil-film thickness, in. 


$ Research Laboratories, Westinghouse Electric & Mfg. Co. Mr. 
Tichvinsky studied for six years at the Prague Polytechnic Insti- 
tute in Czechoslovakia. In 1928 he received his degree in me- 
chanical engineering. Since 1929 he has been associated with his 
present concern, where he is in the research laboratories in charge 
of work on lubrication, friction, and wear of metals. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Lubrication and 
presented at the Annual Meeting of THE AMERICAN SocrieTy oF 
ee Enaineers, held in New York, N. Y., December 6 to 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., and will be accepted until September 10, 1938, for publica- 
tion at a later date. Discussion received after the closing date will 
be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


For guide-bearing calculation this expression can be rewritten 


2x? L 
= (2) (2) w 45 X 10 [2] 


where 
D = journal diam, in. 
C = total clearance, in. 
L = length of bearing, in. 
N = journal speed, rpm 


It is seen that for a given type of bearing the shear forces will be a 
function of only the two variables, speed and temperature- 
viscosity in accordance with 


F = Constant X NZ 


The performance of a radially loaded bearing is far more com- 
plicated. The expression derived by Reynolds can be written 


dp/dz = 6nU(h — hi) 


dp/dx = pressure gradient 


m = viscosity in absolute units 
h = oil-film thickness = '/2 C 
hy = oil-film thickness at the point of maximum pressure 


This fundamental expression enables us to determine the shear 
forces which are necessary to establish the pressure conditions in 
the oil film and maintain a state of steady motion. 

Sommerfeld (3) and then Michell (4) have elucidated the appli- 
cation of Reynolds’ equation, the solution of which was originally 
effected for only a particular and limited type of bearing. 

The study and investigation of bearing performance has 
reached such an exhaustive state (5, 6, 7), that at the present 
time it is possible to make a rather close and accurate prediction 
of the performance of many designs. This was confirmed by a 
series of experiments made by different investigators in this 
country and abroad (8, 9, 10, 11, 12, 13, 14). This is not entirely 
true for every case, however, since in some heavy-duty, new, and 
unusual applications, several variables may enter which cannot 
be accounted for by the hydrodynamical theory. As was pointed 
out before (10) such variables might come into consideration due 
to deformation of the bearing produced by load, nonuniform 
temperature distribution, accuracy of machining, degree of 
finish, and so on. Toa great extent the many bearing-perform- 
ance experiments which are being carried out here and there have 
the object of supplying further knowledge and information per- 
taining to some new conditions and factors which arise in the 
course of developments. 

Some bearings perform over a large range of the characteristic 
number ZN/P, where P is bearing pressure in lb per sq in. of 
projected area. Thus, if the speed is high and the Joad is small 
the journal tends to assume a central position in the bearing 
shell and its performance is similar to that of a guide bearing. 

If now the loading is increased and the speed decreased, the 
journal will run eccentrically with respect to the bearing shell, 
the amount of the eccentricity depending upon the load and speed. 
Such a bearing, therefore, performs the combined functions of a 
guide and power bearing. It is evident that in designing and 
calculating such a bearing full consideration must be given its 
dual réle in order to find optimum and safe conditions of opera- 
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MAGNETIC LOADING OF BEARING | 


MOTOR Ss | - 
= 
| 
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Fig. 1 MaGnetic LoaADING ARRANGEMENT OF THE HovusInG AND TEsT BEARING 
(The machine was calibrated before tests by means of a lever and adynamometer which were later removed. 


In this way the pull and coil current were 


recorded for various air gaps.) 


tion. The practice shows that sometimes this type of bearing is 
run fully loaded for only a small fraction of its life. The object 
of tests recently made at the Westinghouse Research Labora- 
tories, was to obtain data on the performance of a high-speed 


Fie. 2 Part or Beartnc Hovustnc WitH CouNTERWEIGHT, OIL 
Tvsine, Dra GaGE, AND SPRING SCALE FOR TORQUE MEASUREMENTS 


Fie. Test Equipment 


(Showing the motor, frame, dial gage for air-gap measurement, coil, cen- 
trifugal pump, oil tank, cooler, gear pumps, filters, and flow meters.) 


bearing, operating at different loads with the characteristic 
number ZN/P varying from 250 to 4500. 

Test Equipment. In Fig. 1 the general arrangement of the 
testing machine is shown schematically. Figs. 2 and 3 show 
parts of the machine with auxiliary equipment. The loading of 
the housing into which the test bearing is placed is obtained by 
means of a variable magnetic pull excited by two coils. The 
machine is directly driven through a flexible coupling by an 
induction motor which rotates at 3600 rpm. The 90-deg bear- 
ings tested were 7 in. in diam by 10'/; in. long. They were 
relieved on both upper and lower halves, had a clearance ratio 


* The loading arrangement and frame were designed by R. Baudry, 
generator department, Westinghouse Electric & Mfg. Company, 
East Pittsburgh, Pa. 
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equal to 0.002 in. per in., and were designed with a centrally 
located oil-inlet orifice in the split through which the lubricant 
was forced by means of a gear pump developing a pressure of 
approximately 5 lb persqin. The outflow of the oil was through 
the bearing clearance in axial directions. 

The oil used during tests had a viscosity of 200 sec Saybolt 
at 100 F and 46 sec Saybolt at 212 F. Ten thermocouples were 
installed in both halves of the tested bearing, to record the tem- 


LEAKAGE / 


Fig. 4 Location oF THERMOCOUPLES IN THE BEARING*SHELL 
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Fia.6 Curves AND CALCULATED COEFFICIENTS 
oF FRICTION 
[For nomenclature see reference (10) page A-126.] 


perature of the bearing babbitt in the proximity of the bearing 
surface. (See Fig. 4.) Several thermometers were also located at 
different places in order to follow closely the temperature gradient 
of the oil. 

Tests. The losses in the bearing were calculated and measured. 
According to some investigations (15) the measured torque in the 
bearing shell is not the same as the torque in the journal, so that 
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the calorimetric method of figuring the losses was also used. 
For this purpose several thermocouples were installed in the oil 
line as close as possible to the bearing housing. Steady conditions 
of performance were obtained in a shorter time than is usual on 
account of the compactness of the bearing housing. 

Tests were made of two bearings under like conditions and gave 
consistent results. 

Results. In Fig. 5, the values of the coefficient of friction are 
plotted against the characteristic number ZN/P. The highest 
values of ZN/P obtained correspond to Z = 20 centipoises, 
N = 3600 rpm, and P = 16 lb per sq in.; the lowest to Z = 
13 centipoises, N = 3600 rpm, and P = 202 lb per sq in. By 
varying the temperature of the inlet oil, four points were 
obtained for each loading. The region of lower values of 
ZN/P is shown in Fig. 6. The values of the measured coeffi- 
cient of friction account for total losses in lower and upper 
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Fic. 7 Corrricient oF FRIcTION aT 202 LB PER Sq IN. 
(Top curve gives test results for the whole bearing.) 
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Fie. 8 Corrricrent or Friction at 40 Ls Sq IN. 
(Top curve gives test results for the whole bearing.) 


halves and reliefs. The theoretical coefficients of friction were 
obtained for the lower half according to methods described 
previously by R. Baudry and the author (10). In Figs. 7 and 8 
test results are shown for high and medium bearing pressures for 
various oil temperatures. It can be seen that as the value of 
ZN/P increases the losses in the upper half and reliefs also in- 
crease. The endeavor to allocate the losses theoretically is 
shown in Fig. 9. For a bearing pressure of 202 lb per sq in. and 
various oil viscosities the losses were calculated separately for the 
two reliefs, the upper half, and the lower half. The average 
relief clearance was taken from the drawing of the bearing. 
The clearance in the upper half was figured by calculating 
the minimum oil-film thickness in the lower half. The total 
calculated losses, composed of losses in reliefs, upper, and lower 
halves, are compared with those measured. The differences 
between the measured and calculated losses is greater for higher 
values of ZN /P. 

The power loss as a function of the viscosity and temperature 
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is shown in Fig. 10 for all loading pressures used during tests. 
The curves were drawn according to average points of two test 
measurements during one of which the losses were obtained calo- 
rimetrically and during the other by means of a spring scale 
and lever. The performance at no load, is represented by curve 
A. The loss at no load is due only to shear stresses within the 
oil in the clearance, where the rate of shear‘ for the speed and 
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Fic. 9 DisTRIBUTION OF LossEs IN H1GH-SPEED BEARING 


H-202 LBs/in? 


SPEED -3600 R.P.M 


A 
\“ 


at 


KILOWAT T -LOSSES 


g 


10.0 


/ 
YY, 


60 


IVISCOSITY- CENTIPOISES Z 
625 625 60 575 55 525/°C. 
150 145 140 130 127°F 
TEMPERATURE 
Fie. 10 Measvrep Power Loss at Various Loaps AND VISCOSITIES 


(The curves are drawn according to two points: average calorimetric and 
torque measurements.) 


bearing used, is of the order of 1.32 K 10*sec™!. By gradually 
loading the bearing the losses first decrease and then start to rise 
for the same viscosity. At low and medium pressures when the 
losses in the load-carrying oil film are not very great the losses 
in the upper half decrease due to increased clearance. With 
further loading, and consequently increased clearance in the 
upper half, the losses in the oil film of the lower half, as was 
mentioned before, become very high. This is shown in Fig. 11 

* Recent interesting investigations on losses at high rates of shear 


were made by M. D. Hersey and J. C. Zimmer in the United States 
(17) and by S. M. Neale in England (18). 
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where the effect of the minimum oil-film thickness ho and the 
ratio of losses in lower and upper half are given as functions of 
load and pressure. 

As was indicated before by several authors (16), the heat 
generated due to friction is by no means confined within the 
clearance space, or entirely carried away by the oil. However, 
for the case of large bearings most of the heat is carried away by 
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Fie. 12 Temperature Rise or O11 THROUGH THE BEARING 


the lubricant. In view of this, during the described investiga- 
tions due care was taken in installing several thermocouples in 
the oil lines. In Fig. 12, the temperature rise of oil through the 
bearing is plotted against the average film temperature in con- 
nection with a rather limited variation of oil flow which ranged 
from 7 to 8.5 gal per min approximately. 
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Appendix 


Calorimetric measurements of bearing losses are usually made 
with the assumption that the values of specific heat and specific 
gravity of the lubricant are constant. The approximate formula 
for these losses is sometimes expressed as kw = 0.1 (At)(G/M) 
where the losses are in kilowatts, At is the temperature rise of the 
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Fie. 14 NomoGram FoR BEARING LOSSES 
[Power loss in kw = (yC/3.8)( At)(G/M).] 


lubricant and G/M is the flow of lubricant in gallons per minute. 
The coefficient 0.1 is formed by the ratio yC/3.8 where y is the 
specific gravity of the lubricant and C is the specific heat. It is 
evident that this ratio will be equal to 0.1 only in the cases when 
the product of y and C is equal to 0.38. According to published 
data (19, 20) the value of the specific heat of mineral oils changes 
from 0.0009 to 0.0015 per deg C and the value of the specific 
gravity of petroleum oils from 0.00014 to 0.003 per deg C. As 
an example Fig. 13 shows the variation of the values of specific 
heat and gravity with temperature for a light oil. 

For calorimetric calculations of bearing losses it is advisable 
to use the more exact formula in which the values of the specific 
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heat and specific gravity appear separately kw = (yC/3.8) 
(At)(G/M). Fig. 14 shows this equation in a form of a nomo- 
gram which can be used for any kind of lubricant. 
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Investigation of Stress Conditions in a 


Full-Size Welded Branch Connection 


By F. L. EVERETT,' ANN ARBOR, anp ARTHUR McCUTCHAN,? DETROIT, MICH. 


This paper presents the results of an investigation of 
stress conditions in an 8-in.-diam, 0.500-in.-wall test 
manifold having a full-size welded branch connection. 
Stresses were determined from strain-gage measurements 
on the outer surface of the manifold at some 50 stations 
in the vicinity of the welded juncture of header and 
branch. High stresses were found to exist on the outer 
surface at the flat portion on the side of the manifold. 
No evidence of high stress was found on the outer surface 
of either the unreinforced or reinforced manifold in the 
vicinity of the crotch, although high stresses were deduced 
analytically as probably existing in the inside wall at this 
location in the unreinforced manifold. 


HE APPLICATION of welding to high-pressure piping 

has resulted in the general use of welded-branch connec- 

tions in headers, manifolds, and the like (1). While no 
definite rules have been formulated as yet in piping codes, tests 
made by piping fabricators and other interested groups (2, 3) 
indicate that some means of reinforcing such construction is 
necessary if the branch connection and header are to be equal 
in strength with pipe remote from the branch. 

In the absence of other rules, it has been customary to apply 
the regulations covering reinforced nozzle openings, which are 
given in the A.S.M.E. Boiler Construction Code, to the design 
of welded branch connections even when the branch is of the 
same size as the header. These rules, as pointed out by Dr. 
D. 8. Jacobus (4), are intended to apply only to shells in which 
there are tube holes, and they are further limited to shells 8 in. 
or more in diameter in which the shell thickness does not exceed 
one fifth the diameter, and in which the largest hole does not 
exceed six tenths the diameter of the shell. Despite these limita- 
tions indicated by the Boiler Code Committee, branch connec- 
tions made up with reinforcement which compensates for ma- 
terial removed in cutting the branch opening, in accordance 
with Boiler Code rules, have been found in the few instances 
for which information is available (4), to develop the full strength 
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cussion received after the closing date will be returned. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


The ring-type of reinforcement was found to assume 
its share of the load in the region which it covered but to 
have little significant effect on adjoining areas, even in- 
creasing the measured strains where the ring joined the 
header at the side of the manifold. While permanent 
distortion occurred at the sides of the reinforced manifold 
at a pressure only 70 per cent of the pressure calculated 
to cause yielding of the pipe proper, eventual failure oc- 
curred in the header outside of the reinforced region at a 
pressure approximately the same as would be expected to 
burst a straight length of pipe. It is concluded that the 
ring type of reinforcement described herein will develop 
the full strength of the pipe. 


of the pipe under hydrostatic tests to destruction. Although 
manifolds reinforced on this basis have proved generally satis- 
factory in service, lack of understanding of the underlying prin- 
ciples has been a serious handicap in securing economical and 
safe design. 

It is natural under these conditions that the particular type, 
location, and amount of reinforcement has depended upon the 
ingenuity, experience, and prejudice of the individual piping 
designer. Several different methods for reinforcing branch 
connections in high-pressure piping are illustrated in Fig. 1. 
The ring type shown in c, which has been used extensively because 
of its simplicity and the fact that it can be made without die 
equipment, was made the subject of this investigation in com- 
parison with the unreinforced manifold. 


NEED For Test Data 


Sensing the need for test data for use in evolving a rational 
basis of design, a special subcommittee on welded branch con- 
nections of A.S.A. Sectional Committee B31 on Code for Pressure 
Piping is planning a comprehensive series of bursting tests on 
full-size welded manifolds, both with and without reinforcement 
of various kinds. The information thus obtained will serve as 
a basis in formulating safety rules for the reinforcement of welded 
branch connections. 

In the meantime, The Detroit Edison Company felt it de- 
sirable to obtain assurance that the welded branch connections 
used in its high-pressure, high-temperature piping were ade- 
quately reinforced. While there had been no evidence of weak- 
ness in any of the three types of reinforcement, a, b, and c of 
Fig. 1, it was realized that, because of the extra thickness pro- 
vided for high-temperature service, normal hydrostatic-pressure 
tests of 1!/, to 2 times the working pressure at room temperature 
probably would not detect any weakness, even if no reinforce- 
ment were used. It seemed important, therefore, to secure 
additional information as to the relative strength of the branch 
connections, both with and without reinforcement, and of the 
pipe itself. 

Some thought was given to evolving a rational method of 
calculating the amount of reinforcement, but the problem did 
not yield readily to solution in the absence of an adequate back- 
ground of test data on which to base hypotheses. With this 
in view, and acting on the advice of Prof. S. Timoshenko, an 
8-in.-diam, 0.500-in.-wall test manifold having a full-size branch 
connection was constructed by The Detroit Edison Company 
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and arrangements made to have strain-gage measurements 
taken in the laboratory of the department of engineering me- 
chanics at the University of Michigan. 

The purpose of the investigation was to determine: (a) the 
magnitude and location of the stresses in and adjacent to the 
welded juncture of branch and header; (b) the effect of applying 
a reinforcing ring; and (c) the ability of the ring-reinforced 
branch connection to develop the full strength of the pipe. 

In addition to the investigation of stress conditions under 
hydrostatic tests, lateral loads were applied to the branch to 
ascertain the effect of bending 
moments on the welded junc- 
ture both with and without 
internal pressure. Three types 
of end closure were employed 
to compare their relative costs 
and to determine the extent of 
their influence on the length of 
straight pipe required between 
a branch weld and the ends of 
a test manifold, for a true com- 
parison with the strength of a 
long length of straight pipe. 

This paper is confined to a 
presentation of the experimen- 
tal data and analytical results 
which are considered to apply 
specifically to the problem of 
designing a welded-branch con- 
nection. Only incidental at- 
tention is given to data ob- 
tained on other parts of the 
test manifold. Mathematical 
analyses concerning the in- 
vestigation have been omitted 
except where necessary to in- 
terpret the test findings. Some 
derivations and typical com- 
putations are included in the 
Appendixes. 


Test Resutts ENcouRAGING 


The results were encouraging 
as far as general reliability of 


METHODS OF REINFORCING WELDED BRANCH CONNECTIONS 


the welded manifold was concerned, although pronounced yield- 
ing or deformation of the sides of the reinforced manifold occurred 
at pressures considerably below the pressure required to cause 
yielding of the pipe. In all, the manifold was subjected to some 
1200 loading-unloading cycles during the investigation. The 
majority of the tests were made over the pressure range from 
98 to 3510 lb per sq in., but some 50 tests were carried up to 
5060 lb per sq in. Some permanent distortion occurred at the 
flat portion on the sides of the manifold when the pressure was 
raised beyond 4200 lb per sq in., which is only about 70 per cent 


Fie. 2. Weipep Mantroip WITH REINFORCING RING ATTACHED, IN Posrrion FoR HyprostaTic TESTS 
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of the calculated yield pressure of the pipe (6000 Ib per sq in.), 
but there was no other evidence of weakness. 

No indication of stress intensification on the outside wall of 
the manifold at the crotch was found from strain measurements, 
although high stresses were deduced analytically from these 
measurements as existing in the inside wall at this location 
where eventual failure of unreinforced manifolds occurs. In 
developing this analysis, stress-concentration factors for holes 
in flat plates were assumed as applicable to a header with a hole 
cut for a branch pipe. 

_ It required a pressure of 8750 Ib per sq in. to burst the re- 
inforced manifold. Failure occurred at the side of the header, 
starting near the reinforcing ring in some small holes drilled for 


Cross Section 
REINFORCING RING 


the attachment of strain gages. The manifold after test to 
destruction is shown in Fig. 12. It should be noted that the 
pipe in both the header and branch has been badly distorted 
before failure occurred. This result was distinctly encouraging 
since failure did not occur until the applied hydrostatic pressure 
reached about fourteen times the service pressure (650 lb per 
sq in.) for which the manifold was designed, or allowing for the 
decreased strength of the material at the operating temperature 
of 850 F there still would be a factor of safety of at least five. 


Description OF Test MANIFOLD 
The test manifold with reinforcing ring applied is shown in 
Fig. 2. The manifold consisted of an 8-in. header approxi- 
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mately 6 ft long to which was welded an 8-in. branch about 3 
ft long. The method of beveling the header and branch to give 
an included weld angle varying from 60 deg at the crotch to 120 
deg on the side of the manifold is indicated in Fig. 3. Details 
of the firebox-steel reinforcing ring are given in Fig. 4. 

Pipe Material. A_ special-analysis silicon-killed medium- 
carbon seamless steel pipe was used in constructing the manifold. 
Pipe dimensions conformed to Schedule 80 (extra-strong) pipe; 
8.625-in. outside diam., 0.500-in. wall thickness. Average 
values obtained from tensile tests on similar material after stress 
relieving at 1150 F are as follows: 


Tensile strength, lb per sq in...................... 75,000—80,000 
Modulus of elasticity, lb per sqin................. 


Weld Material. All welding was done in accordance with The 
Detroit Edison Company’s procedure for Class A welds. A 
universal-type organic-coated carbon-steel electrode was used. 
The composition of the electrode as given by the manufacturer 
is compared with the deposited weld metal in the following 
tabulation: 


Representative 
sample, deposited 


Electrode weld metal 
Cathon, per 0.10-0.14 0.11 
Manganese, per cent........... 0.60 0.50 


Not determined 0.15 
0.04 maximum 0.02 
0.04 maximum 0.02 


Phosphorus, per cent.......... 
Sulphur, per cent............. 


Average tensile values obtained on specimens taken across 
similar pipe-to-pipe welds after stress relieving at 1150 F are 
as follows: 


Tensile strength, lb per sqin...................... 65,000-75,000 
Elongation free bend, per cent.................... 40-50 

Modulus of elasticity, |b per sq in................. 29,000,000 


Stress-Relieving Practice. The manifold was stress-relieved 
by heating to 1150 F in a gas-fired heat-treating furnace before 
the initial testing of the unreinforced manifold, and again after 
applying the reinforcing ring. Details of the treatment were as 
follows: (a) heated slowly to 1150 F; (6) soaked two hours at 
temperature; (c) cooled slowly in furnace to 800 F and removed. 

End Closures. Three types of end closure were used: (a) a 
conventional ellipsoidal welding head; (6) a flat plate with the 
edge beveled to 45 deg for the full thickness of the plate; and 
(c) a flat plate with the end of the header crimped over. All 
closures conformed as nearly as practicable to the requirements 
of the A.S.M.E. Boiler Construction Code. Details of the end 
closures are given in Fig. 3. 

Pressure Connections. Pressure connections to the test mani- 
fold were made by means of a forged-steel screwed coupling and 
a heavy-walled nipple, fillet-welded to sockets machined in the 
end closures. Details of these connections are shown in Fig. 3. 
This type of connection was used in order to obtain some inci- 
dental information on the strength of fillet-welded nipples. The 
fillet welds proved to be entirely adequate. 


DEscRIPTION OF TESTING EQUIPMENT 


A general idea of the test setup used to subject the manifold 
to hydrostatic pressure is given by Fig. 2. The source of pressure 
for most of the tests was the hydraulic supply system of an 
Amsler testing machine. A few higher-pressure tests made use 
of the auxiliary pressure cylinder shown between the platens of 
the testing machine in Fig. 2. 

Amsler Testing Machine. The Amsler hydraulic testing ma- 
chine is supplied with pressure by a three-plunger oil pump 
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capable of delivering pressures up to 3510 lb per sq in., corre- 
sponding to 72,000 lb at the loading heads of the testing machine. 

The Amsler machine is equipped with a piston-type dyna- 
mometer which directly indicates the loads on the main piston. 
The internal hydrostatic pressure acting on the manifold was 
computed from the known area of this piston. A sensitivity of 
about 2 lb per sq in. was realized in the setup. 

Auxiliary Pressure Cylinder. In order to investigate more 
completely stress conditions in the reinforced manifold, an 
auxiliary pressure cylinder was employed to secure pressures 
in excess of 5000 Ib per sq in. The piston of this pressure cylin- 
der had an effective stroke of approximately 10 in. Both the 
piston and cylinder were ground to close tolerances and no diffi- 
culty with leakage of the oil around the piston was encountered. 

Strain Measuring Devices. A Huggenberger tensometer, 
type B, was used in measuring strains on the surface of the 
manifold. This instrument, which is shown in position on the 
side of the manifold in Fig. 2, has a mechanical-lever magni- 
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Fie. 5 CruampIine Device ror HUGGENBERGER STRAIN GAGE 


fication system with a factor of approximately 1200, permitting 
strains to be read of the order of 1/120,000 in., corresponding to 
stresses of about 240 lb per sq in. for steel having a modulus of 
29,000,000 lb per sq in. This gage has a minimum distance 
between knife edges of one-half inch. This short gage length 
enables strains to be measured which may be fairly accurately 
related to stresses which act at a point on the manifold pro- 
viding the stress gradient is not too great. 

A special clamping device to hold the strain gage was de- 
veloped after various attempts to fasten strain gages directly 
to the manifold proved impracticable. This clamping device, 
illustrated in Fig. 5, is of simple construction and enabled the 
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desired pressure of about 16 Ib to be maintained between the 
knife edges of the strain gage and the surface being measured. 
It consisted of a piece of brass tubing clamped securely to a 
weighted stand which rested on the floor. A small threaded 
rod carrying the Huggenberger instrument was located at the 
axis of the tube by rubber bands stretched across the tube at 
each end. The rod was fastened to the elastic bands at the 
upper end of the tube by washers and nuts so that axial move- 
ment was restrained and proportional to the stretching of the 
rubber bands. Sidewise movement of the rod was practically 
unrestrained. A disk graduated at 45-deg intervals attached to 
the top of the rod and a pointer soldered to the tube served to 
indicate the orientation of the Huggenberger tensometer. The 
clamping device was calibrated by applying forces to the lower 
end of the rod and noting the relative position of the surface of 
the disk and the end of the pointer. 

Devices for Measuring Overall Distortion. Overall distortion 
of the manifold was measured with C-clamp arrangements also 
shown in Fig. 2. Ames dial gages with '/jooo in. graduations, 
mounted on one side of the C-clamps permitted quite accurate 
observation of changes in diameter. The reason for tipping the 
manifold as shown in Fig. 2 was to permit these measuring de- 
vices to hang freely in a vertical plane. 

Setup for Bending Experiments. Concrete piers anchored to 
the basement floor are visible in Fig. 2. These piers were con- 
structed to support the manifold during bending experiments. 
A screw “Loadmeter” with a capacity of 25,000 Ib, obtained 
from the State Highway Department, enabled sufficient force 
to be applied to determine the effect of bending accompanied by 
shear produced by a direct lateral force on the end of the branch. 
See loading sketch in Fig. 8. 

Test Piping. The piping connecting the Amsler oil-pump 
system with the test manifold and the piping between manifold 
and the auxiliary pressure cylinder are clearly shown in Fig. 2. 
Copper tubing 0.6375-in. outside diam, 0.070-in. wall and 
extra-heavy brass flared-tube connectors were used in con- 
junction with double-extra-strong seamless steel pipe and 3000- 
lb WWP forged-steel fittings. Valves were forged steel rated 
at 600-lb SSP. 

Preliminary tests were run with a piping assembly consisting 
of standard-weight butt-welded steel pipe, 150-lb me!leable-iron 
screwed fittings, and 125-lb screwed brass gate valves. Al- 
though no leaks or failures occurred under a pressure of 3510 Ib 
per sq in., the assembly was considered unnecessarily hazardous 
and was replaced by suitable high-pressure piping. 

Vesting Medium. In the first tests the manifold was filled 
with city water but some mixing of the oil from the Amsler 
hydraulic system resulted, causing contamination of the oil in 
the Amsler system. The water-oil emulsion was flushed out 
and the manifold and hydraulic pump filled with automobile 
lubricating oil. 


TrEsTING PROCEDURE 


Measuring points or stations were located on the centerline 
of the weld and on the header and branch. These stations are 
indicated on the sketch of the manifold in Fig. 6. A total of 
50 stations in the vicinity of the welded juncture of branch and 
header were investigated. It was assumed that the structure 
was symmetrical. Strain measurements were confined, there- 
fore, to one quarter of the welded juncture. 

Strains were measured across at each station in four directions 
at 45 deg apart and the principal stresses and their directions 
determined by the combined graphical and analytical method 
as taught by Prof. H. M. Westergaard and described by Osgood 
and Sturm (5). An example of the method used in determining 
stress values from strain measurements is given in Appendix 1. 
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Fie. 6 PrincrpaL STRESSES IN UNREINFORCED MANIFOLD IN 
Vicinity oF Branch HyprostatTic PRESSURE OF 
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The strain-gage readings were taken at each direction at each 
station when the internal pressure in the manifold was brought 
to 98 lb per sq in., and again at 3510 lb per sq in., giving a change 
in pressure of 3412 lb per sq in. Two loading and unloading 
cycles were used for each setting of the strain gage to provide a 
check for all the readings, and average values were used in making 
the calculations. 

Hydrostatic pressure from the Amsler pump was applied gradu- 
ally to the manifold in each loading so that no shock or other 
disturbance would affect the strain readings. About three 
minutes time was allowed to bring the manifold up to full pres- 
sure. 


PRINCIPAL STRESSES IN MANIFOLD 

The direction and magnitude of the principal stresses computed 
from strain-gage measurements are given in a series of charts, 
Figs. 6 to 11, inclusive. 

Manifold Without Reinforcing Ring. Stress conditions on the 
outer surface of the manifold before applying the reinforcing 
ring to the branch weld are shown in Fig. 6 for an internal 
pressure change of 3412 lb per sq in. The upper set of stress 
values applies to stations on the header, the lower set to the 
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branch. Stations on the weld are shown between dashed lines 
in both sets of data. 

Stress conditions in the header, branch, and near the three 
types of end closure are given in Fig. 7. Stresses near the welded 
juncture when the branch was loaded at its outer end with an 
8000-Ib thrust are given in Fig. 8. The effect of combined 
lateral loading and internal pressure is indicated in Fig. 9. 

Values of the principal stresses approximately tangent and 
perpendicular to the weld centerline as computed from strain- 
gage measurements on the surface of the manifold for an internal 
pressure change of 3412 lb per sq in. are summarized from 
Fig. 6 as follows: 


Stresses derived from strain 
-—measurements, lb per sq in.—~ 


Tangent to Perpendicular 
weld to weld 
Location centerline centerline 

Row 48,200 48,300 
Bow &. 65,700 29,400 
Row 1, station 3............ 43,800 4,540 
Row 1, station 4............ 31,800 410 
Row 29,700 1,675 
Row 1, station 6............ 23,100 — 2,540 


It should be emphasized that these stresses exist on the outer 
surface and represent the combined effect of bending of the 
wall and stretching by internal pressure. Because of the re- 
verse effect of bending on the inner surface quite different stress 
conditions may be expected on the inside of the manifold. 

Stresses on the header show the influence of the proximity of 
the weld and are especially erratic on row 2 where compression 
was observed at stations 3 and 4. At a distance of 41/2 inches 
from the weld, stresses were found to approximate those in the 
pipe. 

Stresses on the surface of the branch were highest near the 
flat side of the manifold where values of 50,000 to 60,000 lb 
per sq in. were found. It was evident that bending stresses 


due to bulging of this region caused greater tensile stresses on 
the outer surface. A corresponding reduction of tensile stress 
in the inner surface at this region appears to be a reasonable 
conclusion. 

Stresses in the pipe were determined at four stations equally 
spaced around one quarter of the circumference at a point mid- 
way between the branch weld and the ellipsoidal head. The 
experimental results are compared below with analytical values 
for stress at the outer surface of a thick-walled cylinder (7). 


-—Principal stresses in pipe— 
Longitudinal Circumferential 


Minimum, lb per sqin......... 11,250 26,700 
Maximum, lb per sqin......... 15,780 30,400 
Analytical, lb per sq in......... 12,208 24,416 


The difference between the minimum and maximum stress 
values found in the pipe was much greater than anticipated. 
Variations in the pipe wall from the nominal 0.500 in., and devia- 
tions from a truly circular cross section may have been respon- 
sible to some extent for these discrepancies. 

A few strain measurements were made at each of the end 
closures to determine the general effect of the three different 
types of closure. The derived stresses are plotted in Fig. 7. 
While insufficient data were obtained to give a complete picture 
of the-stresses present at the ends it seems safe to conclude that 
the maximum stresses are in no case higher than in the pipe. 
The longitudinal stresses due to localized bending caused by 
the constraint offered by the ends were higher than those in the 
main pipe but were less than the circumferential stress in the 
pipe. The important finding is that under elastic conditions the 
influence of end closures extends only a few inches from the ends. 

Stress determinations in the region of the welded juncture 
when the branch was loaded laterally with a force of 8000 lb 
at the outer end are given in Fig. 8. No internal pressure was 
applied. The maximum tensile stresses were found in the vi- 
cinity of the crotch, the maximum stress being 19,530 lb per 
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TABLE 1 COMPARISON OF PRINCIPAL STRESSES CALCULATED FROM SEPARATE PRESSURE AND BENDING TESTS WITH THOSE 
DETERMINED FROM SIMULTANEOUS LOADING 


Simultaneous tests, pressure Calculated from separate? 


-—-—Separate pressure tests——. tests—~ and bending tests . 

; r r ngle, r per ngle, per r ngle, r ngle, 
Row Station 8q eg 8q sq in, deg sq in. sq deg sq sq deg 
3 header 3 + 6,200 + 36,400 341/, — 7,580 —12,580 12 — 2,700 +25,400 32 — 2,230 + 24,670 38 
2 header y + 22,850 + 47,000 0 — 20,800 — 10,800 33 + 2,650 +39,075 29 +11,360 +26,890 28 
1 weld 2 + 29,400 + 65,700 11'/; — 16,650 — 6,340 41'/; +18,3 + 58,650 20 + 14,805 + 57,305 18 
1 weld@ 6 — 2,540 + 23,100 + 13,840 + 16,230 25 + 13,980 +41,240 89 +13,115 +37,515 84 
i branch 6 + 12,050 + 20,100 + 10,400 + 12,470 23'/3 + 22,950 +32,110 89 +24,035 +30,985 78 
2 branch 2 + 40,700 + 6,840 — 5,870 + 5,870 8 +15,100 +35,640 88 + 12,500 +35,040 88 


“ See Appendix 2, p. 409. 
Nore: @is the angle measured clockwise from reference line to o1, 01’, and oi, respectively. 
the line connecting the various stations of the particular rows, whereas on the branch, reference lines are taken in a circumferential direction. See Fig. 9 


+ See Example in Appendix 2, p. 410. 


On the weld and header, reference lines are taken normal to 


an internal pressure change of 3412 lb per sq in. and to a lateral 


4 ” ® — bending load of 8000 lb. Stresses were determined at six stations 

y selected at random on the header, weld, and branch, as shown 

ea Ry 5 in Fig. 9. These values are compared with those calculated 

from data obtained in the previous separate pressure and bending 
; tests in Table 1. 
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The agreement, in general, appears to be reasonably good be- 
tween the computed and experimental values except, possibly, 
the values for row 2, station 2, on the header. 

The derivation of the equations for combining values of prin- 
cipal stresses from separate loadings and determining their 
orientation is given in Appendix 2. Calculations for row 1, 
station 2, also are given in this appendix illustrating the applica- 
tion of these equations. 

Manifold With Reinforcing Ring. Following the above series 
of tests a reinforcing ring of the type shown in Fig. lc was welded 
to the manifold. After stress relieving again in the furnace the 
manifold was subjected to a series of tests giving a change in 
pressure of 3412 lb per sq in. The resulting stress values are 
shown on the chart of Fig. 10. Stations on the reinforcing ring 
were located radially outward from the original stations and 
given the same designations. 
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Fig. 8 PrincipaL IN UNREINFORCED MANIFOLD IN VI- 
CINITY OF BRANCH WELD WITH LATERAL LoaD ON BRANCH 


8q in. on the weld itself at row 1, station 5. The branch tended 
to rotate about a point on the branch approximately 3 in. above 
the weld on the side of the manifold. A compressive stress of 
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20,800 lb per sq in. was determined at row 2, station 2, on the : 2 
header. In this region both principal stresses were found to oa ced nance a 


As a check on this particular application of the principle of 
Superposition,‘ the manifold was subjected simultaneously to 
‘For a discussion of the use of the method of superposition in 


calculating total deformations and stresses produced by several 
forces, see page 8 of reference (6) in Bibliography. 


Fig. 9 PrincrpaAL STRESSES IN UNREINFORCED MANIFOLD IN 
Vicinity oF BRancH UNDER ComBINED HyprostatTic Pres- 
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The following comparison of stress conditions on the surface 
of the reinforcing ring with those previously determined for 
corresponding stations on the surface of the manifold at the 
centerline of the weld shows to what extent the ring had assumed 
its share of the load. 


Maximum principal stress, 
———lb per sq in.————~ 


Surface of 
weld without Surface of 
ring, ring, 
Fig. 6 Fig. 10 
Row 1; ation G. ds 23,100° 5,730° 
—2,540° —9,700° 


* Tangential to center line of branch weld. See Fig. 13. 
> Perpendicular to center line of branch weld. 


The stresses on the outer surface of the header near the crotch 
appear to be uninfluenced by the ring. Toward the flat portion 
of the header, however, the stresses determined for stations close 
to the ring are materially greater than before the reinforcement 
was applied. 


3412 LB PRSAIN, 


CHANGE PRESSURE 
98 TO IS/OLBPER SQ IN. 


Fie. 10 Principat Stresses IN REINFORCED MANIFOLD IN VI- 
CINITY OF BRancH WELD UNpER Hyprostatic PREssuRE 3412 
Ls PER IN. 
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Circumferential stresses on the branch apparently were un- 
changed by the addition of the reinforcing ring. The longi- 
tudinal stresses determined for stations on the branch just above 
the ring on the flat side of the manifold were considerably in- 
creased. Longitudinal stresses affected by proximity to the 
more rigid reinforced area, however, did not exceed the nominal 
circumferential stress in the pipe. 

To determine if the increase in stress observed for certain 
locations on the header and branch as the result of adding re- 
inforcement was significant, the manifold was subjected to an 
internal pressure of 5060 Ib per sq in. so that definite yielding 
would occur in all the more highly stressed regions. 

Since strain measurements above the elastic condition are 
rather meaningless, overall distortion of the manifold was de- 
termined by a dial gage mounted in a C-clamp. Five diameters 
were measured at different positions on the header and branch 
perpendicular to the plane containing the axis of the header 


S$ PE SAIN. 
CHANEL /1) PRESS URE 
98 70 S/SELBPR BM 


Fic. 11 STRESSES IN REINFORCED MANIFOLD IN VICINITY 
oF BrancH WELD Hyprostatic Pressure or 5060 Lp PER 
Sq In. 


and branch, points designated as 1V, 2V, etc., and one diameter 
on the branch in the plane of the manifold designated as 2H. 
The results are summarized in Table 2. 

The measured changes in diameter in and around the flat 
portion at the side of the manifold were considerably greater 
than would be computed for pipe, indicating lack of rigidity of 
the sides of the manifold. Permanent distortion resulted when 
the pressure was raised beyond 4200 lb per sq in. Measurement 
of one horizontal diameter across the branch just above the 
crotch showed almost negligible elastic deformation indicating 
that bulging of the side of the branch was offsetting the normal 
increase in diameter at this point. However, maintaining the 
internal pressure in excess of 4800 Ib per sq in. for some thirty 
minutes resulted in noticeable permanent distortion. Inas- 
much as the experimental data on diametral distortion were 
obtained, in general, on successive loadings, some additional 
yielding in the vicinity of the branch weld probably resulted 
each time the manifold pressure was raised above 4200 lb per 
sq in. 

Strain-gage readings taken at several stations near the welded 
juncture after the measurements of changes in diameter were 
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TABLE 2. DEFORMATION OF MANIFOLD UNDER TEST PRESSURES UP TO 5060 LB PER 8Q IN. 


Period of Apparent 


Calculated Additional 
deformation period of Maximum 


load ap- yield, pres- Measured for pipe at load ap- test pres- Total Permanent 
plication, sure, lb deformation, yield pressure, plication, sure, lb deformation, increase, 
Location min per sq in. in. in, (7) min per sq in. in. in. 
1V, midway between branch and crimped end of 7 . 
ch 9 4200 0.013 0.009 2 5060 0.025 0.0085 
3V, midway between branch and welding cap of 
4V, center of flat portion on reinforcing ring....... 9 4200 0.020 0.009 2 4850 0.0345 0.0105 
2V, one-third distance from header to flat plate = 
pee er ene 9 4700 0.018 0.010 2 5060 0.020 0.0065 
2H, one-third distance from header to flat plate , e 
6 4800 0.0004 0.0102 24 5060 0.0015 0.0012 
5V, 17 in. from flat plate closure of branch........ 5060 0.0107 5060 0 0087 


completed showed that conditions of equilibrium finally had 
been established at the test pressure of 5060 lb per sq in. See 
Fig. 11. 

The advantageous effect of subjecting the manifold to pres- 
sures causing yielding of the more highly stressed regions is 
shown in Table 3, giving the value of the maximum principal 
stress per pound of internal pressure before and after applying 
the internal pressure of 5060 lb per sq in. 

TABLE 3 


Maximum principal stress per 
lb of internal hydrostatic pressure 


ou/3412 ou/5060 
From original From final 
tests at 3412 tests at 5060 
Row Station lb per sq in. lb per sq in. 
4 header........ 3 10.4 9.6 
3 header...... 1 13.4 12.2 
2 15.54 16.0 
2 5.1 4.7 
3 branch.. 1 11.8 12.3 


4 Yielding had been observed during the tests at 3412 lb per sq in. 


Apparently the repeated loading cycles at pressures up to 
5060 Ib per sq in. resulted in elastic conditions finally prevailing 
at this pressure, which was approximately 20 per cent higher 
than the initial yielding pressure. It is probable there were 
large residual stresses in these more highly stressed regions after 
such overstressing which had to be overcome before the internal 
pressure could exert its normal effect. 


EsTIMATE OF StrEsS ConpDITIONS INSIDE HEADER 


Some idea of the possible stress conditions in the inner wall 
of the header at the crotch may be obtained from the experi- 
mental values on the outer surface by the following reasoning. 

Assume that stress-concentration factors for holes in flat 
plates (6) subjected to mutually perpendicular tensile stresses 
can be applied to the header with a hole cut for a branch pipe. 
If the larger stress acting on the plate is twice the smaller, it 
can be shown that the stresses at the edge of the hole contained 
in a cross section of the plate whose normal coincides with the 
direction of the larger stress are 2.5 times the larger stress. For 
an internal pressure of 3412 lb per sq in., the computed cireum- 
ferential or hoop stress at the mean radius of the header cross 
section is 26,150 lb per sq in. (7). Applying the stress-concen- 
tration factor of 2.5, the stress in the mean radius of the wall of 
the header at a point on the edge of the hole 90 deg from the 
direction of the circumferential stress is found to be 65,400 Ib 
per sq in. 

The experimental value of circumferential stress determined 
from strain measurements on the outer surface of the unrein- 
forced manifold at the crotch was 23,100 lb per sq in. Now if 
a linear stress distribution across the wall thickness is assumed 
as shown in sketch A of Fig. 13, the stress at the inner surface 
is found to be 107,700 lb per sq in. or considerably above the 
tensile strength of the material. 

A similar analysis, based on the experimental value of cireum- 
ferential stress found for the outer surface of the reinforcing ring 
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Fig. 13° SkercuHes ILLUSTRATING Metuop or EstIMaTING STRESS 
AT INNER SURFACE OF MANIFOLD AT THE CROTCH 
(A Unreinforced manifold, B Reinforced manifold.) 


of 5730 lb per sq in., gives an indicated stress at the inner surface 
of 51,670 lb per sq in. See sketch B, Fig. 13. 

Since the extra thickness provided by the weld and the 
strengthening effect of the branch itself were not taken into 
account in this approximation, it is apparent that the actual 
stress conditions are less severe than such computations would 
suggest. High stress values are, nevertheless, indicated in the 
region of the crotch of a welded branch connection where rela- 
tively low stresses were observed on the outer surface in the 
static tests. Also yielding of the metal reduces the stresses. 

Further evidence that high stress may exist in the crotch at 
the inside surface is given by the observed distortion of the 
manifold tending to make cross sections elliptical. As the flat 
sides of the manifold deform under pressure, bending stresses 
are induced in the pipe wall. Tensile stresses are increased at 


: 
a 
= 
° 

bs 
| 
| 
< 

| 

| 
3 

: 


408 


the inner surface near the crotch and at the outer surface near 
the flat portion of the manifold. 


Test To DESTRUCTION 


At the completion of the investigation at the University of 
Michigan, the manifold was turned over to the subcommittee 
on welded branch connections for such tests as they wished to 
make. The manifold was again stress-relieved, this time at 
1200 F, to remove the effects of cold working, and a series of 
distortion measurements was made by the Crane Company in 
its research testing laboratories. 

The manifold was then tested to destruction. Leakage first 
occurred at a pressure of 8200 lb per sq in. through a small hole 
on the header, drilled for attachment of strain gages. This 
leak was repaired by welding and final failure was produced at 
a pressure of 8750 Ib per sq in. Failure started through some 
other small holes drilled near the reinforcing ring on the side of 
the header, after general distortion was observed over most of 
the manifold. The method of rupture is shown in Fig. 12. 

The location of the failure may have been influenced to some 
extent by the presence of the small holes drilled in the surface of 
the manifold but this location where the reinforcing ring joins the 
header chances to coincide with the region where high stresses 
were determined from strain measurements on the outer surface 
of the header. 


SUMMARY 


The purpose of the investigation was to determine: (a) the 
magnitude and location of the stresses in and adjacent to the 
welded juncture of branch and header; (b) the effect of applying 
a reinforcing ring; and (c) the ability of the ring-reinforced 
branch connection to develop the full strength of the pipe. 

The investigation was partially successful in determining the 
magnitude and location of the stresses on the outer surface of 
the manifold, but was only of minor assistance in understanding 
the stress conditions on the inner surface. Even on the outer 
surface it was not possible to separate the effects of bending and 
of membrane stresses. 

The reinforcing ring was shown to assume its share of the load 
in the area which it covered but, as far as could be determined 
from strain-gage measurements, had little significant effect on 
the stresses in the branch and header not covered by the ring. 
It even increased the measured strains in some places where the 
ring joined the header on the side of the manifold. 

While pronounced deformation or bulging was observed at the 
sides of the ring-reinforced manifold at a pressure only 70 per cent 
of that which would be expected to cause yielding in a straight 
length of pipe, eventual failure occurred at a pressure approxi- 
mately the same as would be expected to burst a straight length 
of pipe. It appears reasonable to conclude, therefore, that the 
ring-type of reinforcement proportioned in accordance with 
present practice will develop the full strength of the pipe. 
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Appendix 1 


The determination of principal stresses and their direction 
from readings of the Huggenberger strain gage on intersecting 
gage lines is illustrated by the following example. 

Strain-gage readings obtained on four gage lines at row 4 
station 2 on the header for a hydrostatic pressure change of 
3412 lb per sq in. were: 


Gage lines 
Scale readings.......... 


b c d 


a 
0.24 0.19 0.36 0.40 


The strain-gage readings were plotted on two rectangular 
axes as shown in Fig. 14. A circle was drawn as nearly tangent 
as possible to the sides of the inclosing rectangle and a line drawn 
through the origin of the rectangular axes and the center of the 


circle. Its intersection with the circle gives lengths MT, UT, 
and V7. These lengths were measured for insertion in the 
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Fig. 14 Skercw ILLUSTRATING GRAPHICAL DETERMINATION OF 
MAGNITUDE AND DIRECTION OF PRINCIPAL STRESSES FRoM STRAIN- 
Gace REapINGs 
(“Dyadic circle’ for calculating stresses at row 4, station 2, on header.) 


following equations. The angle 2 6 between the line and the 
horizontal axis was also measured. 


E 


= 29,000,000 lb per sq in. 
uw = 0.3, Poisson’s ratio 
F = 1094, Mag. factor of Huggenberger No. 195 
g = 0.5 in, gage length 
6 = angle measured clockwise from the reference line to the 
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wry LVT + = LUT + 
29 ,000,000 
29,000,000 


1 — (0.3)? (1094) (0.5) [vr + 03 UT] aia 


58,300 [VT + 0.3 UT] 


= 58,300 [0.417 + 0.3(0 177) | 
= 27,600 lb per sq in. 


| 


58,300 CUT + 0.3 VT) 


58,300 [0.177 + 0.3(0.417) | 


* Fg = 17,600 Ib per sq in. 


APPENDIX 2 


> Similar to left figure 


FOR INTERNAL PRESSURE :- 


2 G; 4 G 
y PRESSURE / v 
AND BENDING / | 
ane 
dine 
/ 
/ 
/ 
Gretel 
| "2 Catal 
PRINCIPAL STRESSES AND DIRECTIONS FOR COMBINED 
ae panssuae MOHR CIRCLE FOR INTERNAL PRESSURE AND BENDING 


BENDING tar “i tan’ +(6-G 


MOHR CIRCLE FOR COMBINED 
INTERNAL PRESSURE AND BENDING 


20 2 


FoR BENOING:- 
G'= cos 20 


FOR COMBINE. INTERNAL PRESSURE AND BENDING: 
ore - + cos 20) 6/ A 
/ 


= Ty * Ty sin 20 - sin 


2 cos 20+ cos 20 IN WHICH 6, AND 6p ARE PRINCIPAL STRESSES DUE 


TO INTERNAL HYOROSTATIC PRESSURE 
NOD 6> ARE PRINCIPAL STRESSES OUE 
TO BENDING FROM LATERAL LOAD ON 

BRANCH 


[Examp.e Is Given on Fottowine Pace} 
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EXAMPLE 


The application of this method of superposing stresses caused 
by separate hydrostatic and lateral loads is illustrated by the 
following calculation for row 1, station 2, which is located on the 
weld. The experimental values for the combined case were 
o2 total = 58,650 Ib per sq in. and o; totai = 18,300 Ib per sq in. 
at an angle with the reference line of ota: = 20 deg as shown 
in Fig. 9 for a hydrostatic pressure change of 3412 lb per sq in. 
and a lateral load on the end of the branch of 8000 Ib. A reason- 
ably good agreement may be noted between the results obtained 
by superposition and the experimental values. 


Pressure Stresses. 
= (29,400 — 65,700) = — 36,300 
1,320,000,000 


(0; — a2) 
(a; 
Bending Stresses. 
= — 16,550 + 6340 = — 10,310 
106,000,000 


(o,’ — o2') 


(o,' 


+ + + = (+29,400 + 65,700 — 16,650 — 


6340) = 72,110 
sin 20 = sin 2(11'/:) = sin 23 deg = 0.3907 
cos 20 = cos 23 deg = 0.9205 
sin 26’ = sin 2(41'/:) = sin 83 deg = 0.9926 
cos 20’ = cos 83 deg = 0.1219 
cos 2(@ — 9’) = cos 2(11'/2 — 41'/2) = cos —60 = cos 60 deg = 
0.5000 
_, (36,300) (0.3907) + (+ 10,310) (0.9926) 
(36,300) (0.9205) + (+ 10,310) (0.1219) 
= 17 deg 34 min 


Protal tan 


= '/2(72,110 + V 1,320,000,000 + 106,000,000 + 


2( — 36,300) (— 10,310) (0.5000) ] = 57,305 Ib per sq in. 


coral = '/3(72,110 — 42,500) = 14,805 Ib per sq in. 
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Power Panel Discussion on New High- 


Temperature High-Pressure Stations 


At the Annual Meeting in December, 1937, papers were 
presented by 10 authors on high-pressure high-tempera- 
ture powerequipment. These covered recent installations 
of steam-generating units and turbogenerators, some of 
which were superposed on previous equipment to give 
added capacity. 

The discussions included unusual problems of design 
and installation, new types of equipment, starting-up 
procedure, difficulties with equipment and the remedies 
applied, testing, operation, and capacity and efficiency 
performance. 


Starting of New High-Pressure Boiler 
at Northeast Station, Kansas City 
Power & Light Co. 


By J. A. KEETH,' KANSAS CITY, MO. 


(THE FIRST installation of high-pressure equipment was made 

at Northeast Station in 1928 and 1929. It consisted of two 
Combustion Engineering Company three-drum boilers, pulver- 
ized-coal-fired, with a rating of 200,000 lb of steam per hr at 1350 
lb and 725 F. The steam was utilized in a 10,000-kw Westing- 
house turbine which exhausted at 300 Ib through radiant reheaters 
in the furnaces of the two high-pressure boilers into the low-pres- 
sure station header at 700 F. That equipment has now been in 
service nearly 9 years and has given good results. The two 
boilers, high-pressure turbine, and low-pressure turbine operat- 
ing from the exhaust had a total capacity of 46,000 kw. 

Increase of the system load and proved economy of operation 
prompted further superposition in the same station in 1937. The 
new equipment ordered in 1936 and 1937 consists of one Combus- 
tion Engineering Company straight-tube boiler having a capacity 
of 300,000 Ib per hr, and a 15,000-kw 1250-lb superposed turbine. 
By raising the steam temperature on this new boiler, as well as 
on the old high-pressure boilers to 815 F and by certain improve- 
ments in the reheat-piping system which reduces pressure loss, it 
will be possible to carry a load of about 92,000 kw with 700,000 Ib 
of steam per hr (300,000 Ib from the new boiler and 200,000 Ib 
from each of the old boilers) whereas, previously 400,000 lb of 
steam had been required to carry 46,000 kw. This is a reduction 
of about 12 per cent in the steam requirements per kwhr. 

The new 15,000-kw turbine was purchased early in 1937 and 
will be available for service about July, 1938. 


OPERATION 


Since Nov. 9, 1937, the new boiler has been in service inter- 
mittently preparatory to going into continuous service. The 


; eee Engineer, Kansas City Power & Light Co. Mem. 
AD, 

Contributed by the Power Division and presented at the Annual 
Meeting of THz AMERICAN SocteTy oF MECHANICAL ENGINEERS, 
held in New York, N. Y., December 6-10, 1937. 

Discussion of these papers should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1938, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


period of operation has been so short that little in the way of 
operating experience has been obtained. 

The first steaming operation was the cleaning or boiling out of 
the boiler, superheater, and economizer. The filling of the boiler 
was a difficult operation due to the air pockets formed in the upper 
part of the furnace riser tubes, superheater loops, and saturated- 
steam tubes from the boiler to the superheater. The filling was 
most effectively accomplished through the walls and super- 
heater-drain connections. A small tank containing trisodium 
phosphate was mounted on top of the boiler. This tank had pipe 
connections to the boiler drum, economizer header, and super- 
heater header through which the phosphate was fed. On the 
first boiling out, 200 lb of phosphate were put into the drum and 
50 Ib each into the economizer and superheater. The boiler was 
fired at a low rating by means of the gas pilot lights for a period 
of 3 days and the water allowed to expand and overflow out of the 
drum vent. Steam from the station reheater header was bled ° 
to atmosphere through the new reheater to clean it. After 
emptying and washing, the boiler was found to contain some oil 
and grease. It was refilled, using a charge of half the original 
quantity of trisodium phosphate and reboiled in the same manner. 
Again, inspection showed the internal surfaces to be somewhat 
oily, and so the same operation was repeated a third time, using 
the original quantity of chemical. This time, however, the vent 
was closed, the level dropped, and the pressure raised to 1000 lb 
to permit higher temperature and a thorough blowing down. 
Inasmuch as the reheater appeared clean on the previous boiling 
out, the steam put through it during this last 1000-lb operation 
was put directly back into the system low-pressure header. A 
subsequent inspection showed the boiler to be clean. 

The boiler was then refilled with condensate to the working 
level and fired slowly with two of the main gas burners. About 
6 hr were taken to bring the boiler up to pressure after which all 
safety valves were checked and set. It was found that the valves 
did not blow at all accurately at the pressures stamped on them; 
some opened above and some below pressure. All of the satu- 
rated-steam safety valves were found to have an extremely high 
blowdown range. After blowing, the pressure had to drop as 
much as 180 lb before some of the valves would close. Little 
difficulty was experienced in adjusting either the popping pres- 
sure or the blowdown on the saturated-steam valves. A final 
setting of about 3 per cent blowdown was reached without any 
indications of chatter. 

The superheater safety valve offered much more difficulty. Its 
original blowdown was only about 5 lb which resulted in severe 
vibration and chatter. This valve did not seem to respond 
readily to blowdown adjustments but a range of about 20 lb was 
finally reached without chatter. 

All told, about 2'/, days were consumed in safety-valve set- 
tings. During this time the boiler was held at about 70,000-lb 
evaporation by means of two gas burners. The steam generated 
by the boiler was taken out of a by-pass connection on the boiler 
side of the superheater nonreturn valve and put directly into the 
reheater inlet. The desuperheating was accomplished by admit- 
ting into the reheater along with this steam sufficient low-tem- 
perature steam from the station reheater inlet header. The 
steam thus passed through the new reheater and, after superheat- 
ing to 700 F, flowed directly into the station low-pressure header. 
This arrangement afforded an ideal method of protecting the 
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superheater and reheater during the preliminary operations at 
pressures below the station high-pressure header. 

As soon as the safety valves were set, the boiler was opened to 
the plant high-pressure header and the by-pass around the nonre- 
turn valve closed. A portion of the exhaust steam from the 
present high-pressure turbine was put through the reheater of this 
new boiler. The rating was then raised to about 100,000 lb per 
hr by lighting two additional gas burners, making four in service. 
The purpose in using four burners for this light load was to distrib- 
ute the fire uniformly and also to serve as igniters for the coal. 

After operating the boiler in this manner for a day, one coal 
mill was started and a burner in each corner ignited from the gas 
flame already there. As soon as air adjustments were set to give 
a stable fire, the quantity of gas fuel was reduced to correspond 
to about 50,000-lb evaporation and the coal feed adjusted to pro- 
duce a total evaporation of 150,000 lb. Operation was continued 
in this manner for about 12 hr. Fire conditions were excellent 
and all equipment functioned perfectly. 

During the last 12 hr of this operating period, while running at 
about 150,000 Ib per hr, an effort was made to put the feedwater 
regulator into service. This took control of the feed without any 
difficulty but carried the water about 5 in. too high. The proper 
combination of weights for the balance beam was not available 
during this trial run so the regulator was taken out of service. 

The second run of the boiler started Tuesday, November 16. 
The boiler was brought up to pressure with gas fuel, taking about 
4hr. After running through the first night at 100,000 lb rating 
on gas, both pulverizers were put in service and the gas cut off. 
For the remainder of the second trial operating period, the boiler 
continued to operate during the day on coal at 200,000 Ib rating 
and at night on gas at about half that load. 

The second run continued long enough so that an opportunity 
was afforded to determine something of the effectiveness of the 
system provided for the removal of slag. The furnace was de- 
signed for a continuous drip of slag, over the entire edge of one 
side of the furnace floor, or over any part of that edge through a 
water spray into a water-filled pit. Experience on a similar-type 
furnace in another property of the company indicated that by this 
method of slag removal, a size of ash could be produced that 
would be as marketable as stoker ash. 

During the low-CO, operation of the boiler (approximately 10.5 
per cent) the slag gradually began to sag over the nose of the fur- 
nace floor in thick heavy masses which solidified before breaking 
loose from the nose. These first pieces fell into the pit or were 
knocked off by a rod operated through the access doors provided 
for that purpose. The CO, at the boiler outlet was then increased 
to 11.5 per cent. Under this fire condition, the ash became quite 
fluid even though the boiler rating was only 200,000 lb per hr. 
The molten slag dripped and ran off the floor in small streams 
and behaved entirely as intended. Some parts of the discharge 
end of the furnace floor were apparently cooler than other parts 
and here the ash continued to show a tendency to sag over the 
floor in heavy masses which solidified before breaking loose. It 
is believed however, that this is of no consequence as a complete 
bridging of parts of this opening should cause no trouble, and that 
by raising the furnace temperature, the slag will find an opening 
at some point and gradually melt its way through the heavier 
chilled masses. Experience over longer periods at higher ratings 
will be required before the effectiveness of this system is known. 

Some trouble was experienced with the sluicing system for re- 
moving the slag and ash from the pit after decanting the water. 
A pile of slag chunks had accumulated at the high end of the pit 
which the hydrojet could not disintegrate or move. Examina- 
tion of the jet disclosed that it was set too low so that much of its 
force was lost due to its striking the bottom and side of the pit be- 
fore reaching the slag. It is also probable that the jetting pres- 
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sure was somewhat low. In the effort to jet the ash out of the 
pit, splash from the jet struck the rear-wall tubes at the lower 
header and caused several rolled joints to leak. A protective 
coating of refractory cement will be required to prevent these 
rolled tube joints from chilling. 

As a result of the rolled-joint leakage, and two tongue-and- 
groove joint leaks in the header connection from this boiler, the 
unit was taken out of service after this 5-day run. During this 
same run three handhole plates on the economizer header and one 
handhole plate on the superheater header had developed leaks. 
Advantage was taken of the interruption to remedy all these de- 
fects and to make a thorough internal inspection. 

The leakage of the economizer caps was apparently caused by 
poor-fitting gaskets. These were of the copper-jacketed-asbestos 
type and fitted the handholes so poorly that uneven gasket con- 
tact was obtained. The cause of the leak at the superheater 
handhole is unknown as here the gasket appeared to be a good fit. 
There was evidence that a defect might have existed in the cap 
face but this defect may have been caused by the leak itself. 

An inspection of the furnace, during the shutdown, disclosed a 
bed of slag over the entire floor varying in thickness from about 2 
in. in the hotter parts to possibly 6 in. in the cooler parts where it 
had not become fluid enough to run over the edge of the floor or 
even to fuse with the dry stoker ash which had originally been 
put on the floor to protect it during gas-firing operation. An ac- 
cumulation of a partially fused spongy ash existed under the two 
corner burners farthest from the ashpit opening. A thin shell 
of slag protruded about a foot into the furnace around the burner 
boxes on three burners. The fourth one had no slag and had the 
appearance of not having received its share of the fuel although 
observation during operation disproved this condition. 

One burner wall box showed marked evidence of burning and 
warping adjacent to the point where the coal stream entered. 
Generally speaking, the fin walls were clean with only small 
spongy clinkers adhering occasionally, up to a height of about 15 
ft above the floor. The boiler and superheater tubes were abso- 
lutely clean even though the soot blowers had not been used. 

Unburned-carbon accumulation in the cleanout doors at one 
end of the ashpit opening seemed to indicate the desirability of 
reducing the diameter of the circle against which the burners 
are set to fire. The impingement of the flame from the north- 
west-corner burner on the flame from the burner in the south- 
west corner (the burner directly over one end of the ashpit open- 
ing) forced the flame down into the ashpit opening where it rap- 
idly cooled and deposited unburned carbon. This flame driven 
down into the ashpit opening also tended to increase the rate of 
evaporation of water in the pit. It is believed that a reduction in 
the diameter of the firing circle will reduce the tendency of the 
flame to go down into the ashpit opening and eliminate the car- 
bon loss mentioned. 

The only other item worthy of note discovered during prelimi- 
nary runs is the apparent tendency of the boiler to carry over 
water at what was presumed to be the normal water level, 10 in. 
below center of the 60-in. drum. With the water level at this 
point, a very irregular superheat line was produced with definite 
indications of water at the turbine throttle when any marked fluc- 
tuation in boiler load occurred. Concentration of boiler water was 
carried between 200 and 400 ppm. The water level was dropped 
4 in. or to 14 in. below center, and this trouble disappeared. 

A careful examination of the Gunite lining in the induced- 
draft fan showed a few hair-line temperature cracks but otherwise 
it was in perfect condition. These small cracks are not considered 
of any importance as similar cracks in breechings have not en- 
larged in nine years of use of the present boilers. It is believed 
this Gunite lining will make an almost permanent protection for 
the fan housing and inlet boxes. 
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Discussion of Preliminary Operations 
of the}Fisk Station Topping Unit of 
Commonwealth Edison Company 
By A. E. GRUNERT,' CHICAGO, ILL. 


6 heme NEW high-pressure plant at Fisk Station consists es- 
- sentially of the following: 


Two high-pressure boilers with necessary auxiliaries and control 
systems. See Fig. 1. Each boiler is rated at 375,000 lb of 
steam per hr at 1275 lb per sq in. and 910 F 

One 30,000-kw 25-cycle turbogenerator, operating on a steam 
supply at 1200 lb per sq in. and 900 F, with auxiliaries and 
governing systems. This turbine is superposed on two 25- 
cycle horizontal units to form a flexible and highly efficient 
90,000-kw cross-compound unit. 


After the usual trying out of the auxiliary equipment and inter- 
locking system, boiler No. 2 was fired intermittently during a 
period of three days for the purpose of boiling out with a caustic 
solution. The pressure was maintained at about 500 lb during 
this time, after which the boiler was drained and flushed, and all 
the handhole-plate gaskets were renewed. This boiler was 
brought up and put on the line for the first time on Sept. 18, 1937. 
The starting-up procedure adopted consists essentially of inter- 
mittent firing at such time intervals that the full header pressure 
is developed in about 4hr. During this period, the damper in the 
gas duct from the superheater is kept partially closed so that most 
of the hot gases pass over the economizer section, the lower por- 
tion of which is tied into the boiler so as to provide recirculation 
through this section during the starting-up period. Circulation 
in the superheater is maintained by opening the bleeder valve on 
the outlet superheater header. 

Outages were frequent during preliminary operation of boiler 
No. 2 from Sept. 18 to Oct. 4, during which time steam from the 
boiler was passed through the desuperheater station to the low- 
pressure units. 

Boiler No. 1 was put on the header for the first time on October 
7, 1937, following the same procedure as in the case of boiler No. 
2. Frequent outages which followed on this boiler unit were 
largely occasioned by the same causes as in the case of boiler 
No. 2. 

Leakage at the rolled joints where the economizer tubes enter 
the drum, considered to be due to variable feedwater temperature, 
has been corrected by seal welding. This method of making 
joints tight was used also on the recirculator tubes of the side- 
wall screens. Leakage here was probably due to unequal ex- 
pansion between the screen tubes and the recirculator between the 
upper and lower headers. 

These furnaces were designed for burning Central Illinois coal, 
which has characteristically low ash-fusion temperature and high 
ash content, but little can be said at this time about boiler-clean- 
ing problems as operation has been intermittent and at reduced 
ratings. Unusual consideration in the way of greater accessi- 
bility for hand cleaning was given in the original design of these 
boilers. There is practically no part of the heating surface 
which is not easily accessible for hand cleaning, which is necessary 
in addition to the cleaning done by regular blowing elements. 
This precaution has already justified itself in the limited operation 
thus far. 

Some trouble has been experienced with the handling of the 
slag which accumulates on the sloping portion of the rear wall of 
the secondary furnace. This builds up to a thickness of from 4 
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to 12 in. and, due to its own weight, breaks loose and slides into 
the ashpit. It breaks up into pieces so large that the hydrojet 
will not handle them and they must be removed by hand. Nine 
stationary nozzles were installed but they have not improved the 
situation and further changes are contemplated. 

At present the dust from the precipitator is being disposed of 
through the dustless unloader into railroad cars. Experimental 
equipment for injecting this dust into the primary furnace of 
boiler No. 1 and melting it down into slag has been installed but 
at this time has not been tried out. 

Certain changes have been found necessary in the fuel system. 
The exhauster fans as installed had too much capacity, and under 
these conditions fuel feed was a matter of impractical micrometer 
adjustment. This has been corrected by reducing the diameter 
of the impellers. Overclassification is being corrected by baffling 
and admitting some air directly into the classifier from the inlet 
tube. 

Some difficulties have been experienced with the boiler feed 
pumps. Among these was the matter of disposing of the laby- 
rinth leakoff. As designed, the labyrinth leakoff was discharged 
to the soft-water reservoirs, and this quantity was sufficient to 
raise the temperature of the water so that make-up could not be 
drawn into the hot wells of the low-pressure units. To correct 
this condition the pumps were packed with metallic packing 
and water from the labyrinth leakoff on the discharge end was 
recirculated through the labyrinth on the suction end of the 
pumps. 

The casings for the turbine drives on the boiler feed pumps 
are being redesigned to eliminate the leakage present in the 
horizontal joints. 

On Oct. 4, 1937, the turbine was brought up to speed for the 
first time by warming up with low-pressure steam admitted 
through the by-pass around the exhaust check valve and out 
through the high-pressure gland leakoff. During this warming- 
up period of about 4 hr the drains were open and the spindle was 
rotated continuously by the turning gear. After the turbine 
was thoroughly heated to the exhaust temperature the by-pass 
around the check valve was closed and the throttle opened, 
progressively, admitting high-pressure steam and bringing the 
unit up to speed in about an hour. 

At the present time this method of starting up appears to 
be quite satisfactory. No evidence of shaft distortion or vibra- 
tion has appeared. 

Initial operation of the unit was under speed-governor control 
and it was not until October 25, that the back-pressure regu- 
lator was tried out with an upper load limit of 20,000 kw. 

On October 27, a test of the desuperheater station, shown in 
Fig. 2, was attempted by tripping out the high-pressure turbogen- 
erator while carrying 10,000 kw. To minimize any possible 
disturbance to the system, additional generating capacity was 
put on the system carrying a small amount of load, and its 
source of steam segregated from the high-pressure system. In 
addition, five low-pressure boilers were held in service supply- 
ing some steam to the low-pressure units that form a part of the 
topping unit. 

The quick-opening valve was set to open when the low-pres- 
sure header system dropped to 194 Ib. This valve had been 
tried out several times previous to the test but with the pressure- 
reducing valve closed so that no flow could take place. Under 
these conditions the valve operated perfectly but at the time of 
the test it failed to open and the pressure dropped considerably 
below 194 lb. It was opened by tapping before the pressure 
dropped excessively. This indicates that a greater force than 
its own weight should be applied. The control mechanism of 
this valve is being redesigned to accomplish this. 

In attempting to put the turbine back on the system after the 
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Fic. 4 Borter Steam ScrusBBER SHOWING ADDITIONAL BAFFLING AND METHOD OF DISTRIBUTION 


test, the second admission valve was found to be sticking and it 
was decided to shut the turbine down and inspect the valve. 
Rather heavy deposits of boiler-water salts were found, and this 
led to an inspection of the throttle valve. In preparation for 
this, it was found that the 14-in. header valve would not close 
tightly and to get the pressure off the header both boilers were 
taken out of service. On inspection the throttle valve was 
found to be clean but heavy deposits of salts were found in the 
14-in. header valve. 

This situation suggested consideration of the performance of 
the steam scrubber which is shown in Fig. 3. Minor changes 
were made in the scrubber of boiler No. 2, the boiler again put 
in service through the desuperheater station, and arrangements 


made to get a continuous record of the quality of the steam by 
conductivity. 

With ratings of about 230,000 Ib of steam per hr, normal 
water level, and boiler-water concentration of 425 ppm there 
were definite indications of carry-over. The water level was 
lowered 2 in. and conductivity readings indicated carry-over to 
be less than 1 ppm. The output was then raised to 310,000 |b 
per hr and held for about 15 min, during which period the carry- 
over was excessive. The boiler was then taken out of service 
for further changes in the drum. 

Fig. 4 shows the additional baffling and method of distribu- 
tion from the furnace uptake tubes. As a result of these changes 
there has been a definite improvement in the quality of the steam 
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up to a capacity of about 300,000 lb per hr and a boiler-water 
concentration of about 800 ppm. The conditions above these 
present operating limits are now in process of investigation. It 
is felt at this time that this problem is on the way to a satis- 
factory solution in view of further changes in the scrubber system 
now under consideration. 


Initial Operating Experience, High- 

Pressure High-Temperature Equip- 

ment at West End Power Station, 
Cincinnati Gas & Electric Co. 


By D. S. BROWN,' CINCINNATI, OHIO 


HE FIRST of three Babcock and Wilcox boilers rated at 

350,000 Ib of steam per hr at 1450 lb and 910 F, was put in 
service at the West End Power Station of The Cincinnati Gas 
and Electric Company on April 26, 1937. This boiler unit has 
been in service continuously with the exception of certain week- 
ends and holidays, when it has been out of service for inspec- 
tions, adjustments, and other construction requirements. It is 
of the open-pass type and has a continuous-slag-tap furnace with 
slag opening near the center of the furnace floor. Liquid slag 
runs out into a tank of water in which it collects and is inter- 
mittently emptied into a sluice. During the first few weeks of 
operation with a coal having an ash-fusion point of 2860 F, 
considerable difficulty was experienced in removing the ash con- 
tinuously from the furnace, and there was excessive slagging of 
the superheater. By changing over to a coal with an ash-fusion 
temperature of 2400 F both types of difficulty were thus elimi- 
nated. 

It may seem strange to reduce the slagging of a superheater 
by reducing the fusion point of the coal ash, but this result is 
accomplished due to the thinner coating of low-fusion ash on the 
walls of the furnace and open passes, which results in a lower 
temperature at the superheater inlet when referred to the soften- 
ing point of the ash used. 

So great was the effect of ash accumulation in the open passes 
that on the other two boilers the partial studded walls of the 
open passes have been replaced with smooth Bailey blocks. 
The first of these boilers has been in service for a week and the 
effect of this change in open-pass design is quite noticeable. 
This boiler unit has been operated with a normal concentration 
of total solids of approximately 800 ppm, and tests of carry-over 
with a concentration of 1300 ppm show solids not in excess of 
'/, ppm. Boiler-water level is particularly steady, and no in- 
crease in carry-over from high water level is noted till the water 
rises to at least seven inches above normal operating level. The 
burners and the slag-tap opening on the two newer boilers have 
been moved three feet nearer the front wall. On the new boiler 
which is now in service, this change appears to have resulted in 
a better use of furnace volume, and slag removal is slightly freer, 
apparently because the ash which drops from the first open pass 
on to the furnace floor has a longer travel to the slag opening and 
becomes more fluid. 

Feedwater for these high-pressure boilers is supplied by 
Worthington barrel-type feed pumps, having a capacity of 1200 
gpm with suction pressure of 325 lb and temperature of 360 F. 
These pumps are driven by General Electric back-pressure ex- 
traction turbines, the steam from which is used for feedwater 
heating. These turbines are controlled by Smoot automatic 
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excess-pressure regulators, and this arrangement has proved 
quite satisfactory. The original feed pumps were equipped 
with labyrinth packings, and leakoff was returned to the dis- 
tilled-water tanks. This arrangement is unsatisfactory because 
it disturbs the station water cycle and heat balance, and may 
cause a large loss of heat. About a month ago the leakoff from 
the high-pressure labyrinth was piped back to the pump suction, 
and the low-pressure labyrinth was removed and replaced with 
solid packing. This arrangement has proved entirely satis- 
factory. 

In order to protect these boiler feed pumps from operating 
against a closed discharge a by-pass of approximately 200 gpm 
capacity was provided between the discharge of the pump and 
the low-pressure feedwater system. When these pumps were 
first put in service and supplying water to only one boiler, and at 
relatively light loads, some difficulty was experienced when the 
operators closed the by-pass. If, under these conditions, any- 
thing caused the feedwater regulator on the boiler to shut off, 
even for a short time, the high-pressure feed pump would operate 
against a closed discharge, and in a relatively few seconds rubbing 
of the pump parts occurred on two different occasions. After 
this, the by-pass was kept open and no further difficulties were 
experienced with the feed pumps. 

It is felt that there is a tendency on the part of the pump 
manufacturers to maintain too close clearances on their running 
parts in order to obtain the last per cent of efficiency. The 
operator would much rather sacrifice this last bit of efficiency 
and have what he feels is a more reliable unit that, because of 
the larger clearances, will operate satisfactorily over a wider 
range of operating conditions. It is also felt that the labyrinth 
type of water packing is unnecessary, and should not be used 
because of the inability of station heat cycles to absorb any more 
low-head heat. 

The steam generated by the high-pressure boiler has been 
passed through a pressure-reducing valve and a desuperheater, 
and delivered at 250 Ib and 600 F to the low-pressure turbines. 
This equipment was designed and supplied by the Smoot En- 
gineering Corporation. Since the capacity of the one high- 
pressure boiler is small compared with the capacity of the 250- 
Ib boiler, it has been necessary to lock the reducing valve into 
position to give the desired load to the high-pressure boiler, and 
not have the valve operate automatically. Under these con- 
ditions, the reducing valve has functioned perfectly and no dif- 
ficulty has been experienced. 

The desuperheater consists of a water nozzle installed in the 
throat of a venturi tube on the low-pressure side of the reducing 
valve. This water nozzle is connected to a tank of water sup- 
plied from the high-pressure feedwater system, and kept at a 
pressure equal to the inlet pressure of the desuperheater venturi 
tube. When this tank was supplied with water at a temperature 
of less than 300 F the performance of the desuperheater was 
somewhat erratic. The desuperheated-steam temperature would 
be maintained at 600 F for 10 or 15 min and then for 1 or 2 min 
there would be no desuperheating at all. It was found that 
during these periods of no desuperheating, the pressure in the 
water-supply tank fell to 125 lb although the tank was con- 
nected by a 2-inch line to a steam supply of at least 250 lb. 
During these few minutes of no desuperheating the cold water in 
the tank apparently condensed steam at such a rate that it could 
not be supplied fast enough to maintain pressure in the tank, 
and, therefore, no water flowed from the tank to the desuper- 
heater nozzle. After condensation had stopped, pressure was 
restored, water again flowed to the nozzle, and normal operation 
resumed. This difficulty was remedied entirely by a small 
change in piping which permits feedwater for the desuperheater 
to flow directly from the regulator to the desuperheating nozzle 
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The water tank is connected to this line by a branch so that it 
acts as a surge tank, maintaining a steady pressure on the water 
line to the desuperheater. This arrangement of desuperheating 
equipment is quite simple, and has proved extremely satisfactory. 
Naturally its suecess is dependent upon the use of pure water 
so that no salt deposits will accumulate in the low-pressure 
turbines. 

The high-pressure turbine, furnished by the Westinghouse 
Electric & Mfg. Co. has been in service only a relatively few 
hours. It was felt desirable to install redesigned impulse blades 
in this unit shortly after it was placed in service. For that 
reason the unit was sent back to the factory but will be back in 
service in about another month. Operating experience with the 
unit at this time is too meager to discuss. 

In closing it should be mentioned that this high-pressure high- 
temperature equipment has been installed in a power station 
equipped with 250-lb 600-F units, and that the station operators 
have been able to obtain highly satisfactory results. This 
speaks very well of the engineering ability of both the equipment 
manufacturers and the station designers. 


Superposed Extension to Omaha Sta- 
tion of Nebraska Power Company 
By LOUIS ELLIOTT, NEW YORK, N. Y. 


HE PLANT before extension included 65,000 kw in 300-lb 
turbogenerators and a 15,000-kw 200-lb unit, with reducing 
valve between 300- and 200-Ilb headers. 

The new installation was made in existing buildings after re- 
moval of old equipment, and included one 10,000- to 12,500-kw 
turbine designed for 1200 lb 900 F operation, and one bent-tube 
boiler (capacity, 265,000 Ib per hr) with economizer and air- 
heater, fired by a 570-sq ft traveling-grate stoker. The new 
turbine was superposed on the old 15,000-kw 200-lb condensing 
unit, with nonautomatic reducing and desuperheating station 
between the 1200- and 300-Ib headers. 

Construction Problems. As is usual in utilizing an old building 
for a new plant, required changes and costs outran original ex- 
pectations. 

Rock footing was available 20 ft below basement floor, but 
intervening material was such as to furnish neither proper founda- 
tion nor lateral support for piles. Loads were, therefore, carried 
on 16-in. columns consisting of steel pipe driven to rock and filled 
with concrete. 

Capacity and Efficiency Data. On load test, the combined 
high-low-pressure unit has carried 27,000 kw. The steam- 
generating unit, which has a normal rating of 265,000 lb per hr, 
has averaged this output over an 8-hr test, has carried 280,000 
lb per hr for 4 hr, and 300,000 lb per hr for 0.75 hr. Boiler-unit 
efficiency under test was 85.6 per cent at normal output, sub- 
stantially as guaranteed. 

With steam temperature about 60 F low, the actual test heat 
rate at approximately 25,000-kw generation by combined unit 
was 13,500 Btu per kwhr net plant output, as against a design 
heat rate of 12,800 Btu. The most economical load point is 
22,000 kw. It is expected that when superheat and certain 
other deficiencies are corrected, performance and design figures 
will agree closely. 

Initial firing of the high-pressure boiler was on Feb. 5, 1937, 
from which date to Dec. 1, it has operated over 5700 hr or about 
80 per cent of elapsed time. Initial operation of the high-pres- 
sure turbine at 1200 lb occurred on Feb. 16, 1937, and from then 
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to Dec. 1 the combined unit has operated 66 per cent of elapsed 
time, at average load of 20,800 kw. 

Troubles With Equipment. During initial operation, leakage 
was experienced at handholes of superheater and economizer 
headers, and this condition was remedied by smoothing the seat- 
ing surfaces and using armored-asbestos gaskets. The final cor- 
rection will be effected by remachining the seats and using metal 
gaskets. 

Practically all high-pressure pipe joints were welded, and 
steam and water piping and valves have given no trouble. 

Severe slagging in the first bank of boiler tubes has been en- 
countered. To combat this, additional lancing doors were in- 
stalled and water lancing is resorted to. The usual fuel, Cherokee 
(Kansas) coal, which contains 3.4 per cent sulphur as well as 
from 10 to 11 per cent ash, possesses marked slagging charac- 
teristics. 

The regenerative elements in the air heater are attacked by 
acid vapor and are gradually plugged up; material also collects 
on the walls of the gas ducts and drops on top of the elements. 
Washing is employed to remove this deposit. Replacement of 
the top section of the heating element and of seals has already 
been necessary, and further similar maintenance expense is ex- 
pected. 

Deficiency in steam temperature, previously mentioned, will 
be corrected by adding superheater elements when equipment can 
be taken out of service. 

Entrained solids in steam have caused and are still causing 
deposits on blading of both turbines and on tubes of the cross- 
over heater. These deposits have somewhat reduced the capacity 
of the combined unit, and have increased the energy heat rate, 
but not to the extent of necessitating outage. Attempts made to 
remove blading deposits by washing have been only partially 
successful, but growth of deposits has been largely arrested by 
reducing the concentration of boiler water carried, and by 
guarding against contamination of feed by condenser leakage or 
evaporator carry-over. 

The most serious trouble, which resulted in the loss of use of 
the high-pressure turbine for about six weeks, was caused by the 
unexplained presence of a steel object at the inlet end of the tur- 
bine on the turbine side of the steam strainer. Damage to first- 
stage nozzle blocks and first-stage blading was so serious that 
it necessitated replacement, and lesser damage to blading and 
nozzles in second, third, and fourth stages was corrected by 
straightening. 

Excess-pressure governing of boiler-feed-pump turbines proved 
unreliable and even dangerous, but changes in the type of gover- 
nor and in the governor-valve mechanism of the turbines have 
remedied the troubles. 

Starting-Up Procedure. The boiler is first brought up to 800 
Ib pressure and its output gradually raised to 100,000 lb per hr 
over a period of from 10 to 12 hr. During this time the steam 
is being by-passed into the 300-lb system through the reducing 
station. 

The low-pressure 15,000-kw turbine is started and loaded to 
from 8000 to 10,000 kw, utilizing 200-lb steam reduced from the 
300-lb header. 

The high-pressure turbine is started, and idled at about 300 
rpm, taking steam at 800 lb and exhausting to atmosphere. 
After one hour of this operation, it is brought up to 3600 rpm 
within half an hour. At 1800 rpm, the atmospheric exhaust is 
throttled to produce an exhaust pressure of 200 lb, and the valve 
connecting this exhaust to the 200-lb supply for the low-pressure 
turbine is opened. At a speed of 2400 rpm, the generator field 
is energized. 

The boiler pressure is then raised to 1200 lb, and the high- 
pressure turbogenerator synchronized and loaded to 500 kw. 
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This is increased at a rate of 1000 kw per 15 min until desired 
generation is reached, when the governor is blocked to carry con- 
stant load. The valve between the 1200-lb and 300-lb headers 
is manually regulated during these operations, to maintain a 
practically constant output from the high-pressure _ boiler. 
Finally, the load on the low-pressure turbine is adjusted to main- 
tain the desired pressure at the throttle, and the reducing valve 
between 300-lb and 200-lb headers is reset for about 180 lb so 
that it remains closed. 

As an alternative method of governing, consideration is being 
given to the utilization of a back-pressure governor for the 1200- 
Ib turbine. 


Notes on X-Ray Inspection of Welded 
Piping Joints at Waterside Station, 
Consolidated Edison Company, Inc. 

By J. N. LANDIS,! BROOKLYN, N. Y. 


LL JOINTS of the main steam and boiler-feed lines and 

some of those of the 200-lb steam line were X-rayed by 
H. R. Isenburger of the St. John X-ray Service, Inc. The equip- 
ment and technique employed were treated in detail in an article 
by Mr. Isenburger in the November, 1937, issue of Mechanical 
Engineering. 

Out of 112 welded joints which were X-rayed, repairs were 
made on a total of 26, of which there were four cases where the 
complete joint was cut out, 20 cases of partial repair, and one 
case where a joint was repaired twice. Two 200-lb joints were 
repaired and not X-rayed after the repair. 

Thus the total number of joints X-rayed was 138, involving 
1310 exographs. 

Most of the repairs were necessary because of lack of fusion 
which usually extended only from 3 to 4 in. around the joint. 

Beyond any question there is a tendency to repair joints after 
X-ray examination to remove defects the harmful effects of which 
are debatable. Knowing that the defect is there, however, and 
proceeding on the theory that lack of fusion for several inches 
may develop into a serious crack at some future date, the human 
tendency is to make the repair rather than to take the chance. 
Repair involves the additional expense of chipping, rewelding, 
stress relieving, and making X rays. While the great majority 
of the joints designated for repair might have been passed by a 
liberal interpretation of the negatives, which might lead one to 
conclude that the X-ray examination is not essential, still it is a 
fact that the X rays disclosed conditions in some of the joints 
which the most liberal engineer would want removed from high- 
pressure piping. To find these bad joints, of course, it was 
necessary to X ray all the joints. 

It is expected that with experienced welders and with various 
details of technique established, less joint repair will be found 
necessary on the piping for the duplicate unit, for which the pipe 
welding is just starting. This pipe welding will be X-rayed. 


ADDENDUM 


On unit No. 5 referred to in the last paragraph of the report, 
X rays were taken of 17 of the joimts in the 12-in. main steam 
line, and 10 joints in the 10-in. boiler-feed line. All of these 
showed perfect welding and it was determined to conclude X- 
ray work on this unit, on the assumption that the technique being 
employed would produce satisfactory joints, not needing X-ray 
examination, 


1 Mechanical Engineer, Brooklyn Edison Company. Mem. 
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Comments on Superimposed 
Installations 
By JAMES F. MUIR," NEW YORK, N. Y. 


HIS contribution to the symposium on recent installations 

of high-pressure power plants concerns the superimposed 
capacity additions now under construction by subsidiaries of 
the American Water Works and Electric Company at Springdale 
Station near Pittsburgh, Pa., and Rivesville Station at Fairmont, 
W. Va. 

Both of these capacity additions have been made within exist- 
ing power-plant buildings, necessitating the removal of three 
boilers at Springdale and two at Rivesville to provide the neces- 
sary accommodation for a like number of new boilers. 

At Springdale the space vacated by the removal of three addi- 
tional boilers on the opposite side of the firing aisle from the three 
new high-pressure boilers is used for the 50,000-kw superimposed 
turbogenerator and high-pressure auxiliaries. This 50,000-kw 
unit represents one half of the potential superimposing capacity 
of this station. 

At Rivesville a 25,000-kw superimposed unit has been in- 
stalled in the present turbine room. This unit superimposes the 
entire low-pressure capacity consisting of one 20,000-kw and two 
10,000-kw units. Both plants will operate with steam at ap- 
proximately 1200 lb per sq in. and 925 F. 

Replacement Plan Adopted. In making arrangements for the 
installation of superimposing equipment, two general schemes 
were considered: (a) The replacement plan which called for the 
erection of new units in the space vacated by the dismantling 
of equipment within the walls of an existing power-plant building; 
(b) the extension plan which provided for the installation of all 
new equipment in an extension adjoining an existing power-plant 
structure. 

The adoption of the replacement-type plan at both Springdale 
and Rivesville required the removal of boilers, each rated at 
150,000 lb per hr, which were part of the current active-service 
plant capacity. These boilers were not stand-by units. The 
sacrificing of active steam-generating equipment in preference to 
installing new units in an extension to the power-plant buildings, 
which in both cases could have been done, was debated and given 
thorough consideration before the replacement scheme was de- 
cided upon. 

In the case of Rivesville, the area of the property is physically 
restricted and not susceptible to expansion, the greater part of 
the grounds being reserved for storage of coal. Moreover, in 
addition to the superimposed unit now under construction, al- 
lowance had to be made for another extension to the plant in the 
future. While these factors served to promote the replacement- 
type plan, nevertheless retirement of the surplus in steam- 
generating equipment, created by the new high-pressure in- 
stallation, was considered a logical step in avoiding retention 
and upkeep of unnecessary low-pressure steaming capacity, and 
in making possible the active utilization of available space within 
the confines of existing buildings. 

Since new boilers are located adjacent to the older units, which 
latter will continue in service, established operating organiza- 
tions will continue with but minor change. Boiler-plant main- 
tenance costs will be reduced since at Springdale, for example, 
the number of operating units will be reduced from 14 to 7 and 
the total number of boiler units in the plant will be reduced from 
14to ll. 

During the early stages of construction, power demands of the 


1 Power Engineer, American Water Works and Electric Company. 
Mem. A.S.M.E., 
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integrated system of the American Water Works and Electric 
Company increased from 360,000 kw to 415,000 kw, equivalent 
to a 20 per cent advance in load in 4 months. Under these con- 
ditions, only one boiler in each plant could be spared so that the 
work of dismantling old equipment and erection of new was under- 
taken and carried out between the boiler units which were in 
active service. At Springdale, to insure continuity of service 
and at the same time to speed up construction, boilers were under- 
pinned, and foundations and water-sealed ashpits for the new 
units were constructed underneath existing boilers while they 
were actually supplying steam for system output. 

Superimposing Reduces Space per Kilowatt. It is apparent 
that our ideas regarding space requirements for turbine gener- 
ators have changed to some extent. For example, the main tur- 
bine room of the Springdale Station is 60 ft wide and the largest 
unit 45,000 kw. In contrast the new 50,000-kw back-pressure 
unit will be installed in a bay with crane columns only 20 ft apart. 

The entire superimposed section of the Springdale plant oc- 
cupies a portion of an existing boilerhouse 130 X 144 ft, equiva- 
lent to 37.5 sq ft per 1000 kw. The corresponding figure for the 
Springdale Station before superimposing was 41.5 sq ft and after 
capacity addition, 31.6 sq ft per 1000 kw. The skyscraper 
character of the modern high-capacity boiler is revealed at 
Springdale in the height of 182 ft from the bottom of the ash- 
hopper sump to the top of the precipitator. 

Comments on Boiler Operation. Neither the Springdale nor 
the Rivesville turbine generators have been operated long enough 
to draw any conclusions regarding performance. Two boilers 
at Springdale have been in intermittent service since September, 
1937, while one of the two Rivesville boilers was completed in 
the early part of November and has since been under adjustment- 
operating conditions. 

The boiler units at Springdale and Rivesville are Babcock & 
Wilcox design, pulverized-coal-fired, with two-compartment- 
type furnaces and single-pass parallel-flow arrangement in which 
the superheater and the economizer are located in adjoining up- 
take compartments. The single-pass gas flow is divided, part 
going through the superheater as required to maintain operating 
steam temperatures, while the balance is passed through the 
economizer uptake. 

It might be said that damper control is one of the most im- 
portant functions in the operation of these units. In starting 
the boiler from a cold condition the superheater uptake damper 
is closed to prevent the flow of gas over, and excessive heating of, 
the superheater surface. During starting, therefore, all flue 
gas passes out through the economizer section. As soon as 
steam flow is established, the superheater damper is opened wide 
and all superheat temperature regulation, either manual or auto- 
matic, is controlled by variation in the opening of the economizer 
damper. Since the superheater has a rising characteristic, the 
steam temperature will not reach the normal operating level of 
925 F until the boiler is steaming at about 50 per cent of rated 
capacity, so that during the period of low steam output excess 
temperatures will not occur with the larger proportion of gas 
passing through the superheater pass. 

Apart from the differences in steaming capacity, about the only 
distinguishing feature between the Springdale and Rivesville 
boilers is the ash hopper and ash-removal equipment. The 
Springdale boilers are provided with a large-capacity water- 
sealed ashpit. The disintegration of molten slag takes place as 
the slag hits the water in the hopper, and the material is removed 
with a traveling clamshell bucket. 

The Rivesville boilers are served by an intermittent-type ash- 
sluicing system, including a relatively small hopper having a 
storage capacity sufficient for about 12 hr. In this case it was 
intended that the disintegration of the slag take place as the 
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molten material passed through a system of water jets. It has 
been deemed desirable, however, to carry a pool of water about 
3 ft deep in the hopper to take care of abnormal slag conditions, 
should they occur. 

If the character of the coal is subject to change and if the ash- 
fusion temperature, particularly, varies over a range of several 
hundred degrees, it is much more difficult to maintain satisfac- 
tory slagging and ash conditions in the furnace. These varia- 
tions in fusion temperature are encountered to some extent at 
Springdale and for this reason the water-sealed type of ash hop- 
per, with its ability to handle conveniently large pieces of slag, 
has proved to be best suited to combustion conditions which 
occur at this station. On the other hand, the coal supplied to 
Rivesville is more uniform and lower in ash-fusion temperature, 
and on this account the lower-cost sluicing system is meeting 
requirements satisfactorily. 

Incidentally the dust collected by the electric precipitator at 
Springdale is discharged by gravity to the water-sealed ashpit, 
where it mixes and is removed with furnace material for yardfill. 

The most interesting of the problems which have developed in 
connection with the operation of the Springdale boilers concerns 
the feedwater temperature. These boilers were designed and 
built as specified for a feedwater temperature of 425 F. Owing 
to the fact that heaters have not been available, the two boilers 
have been supplied with feedwater at 230 F. This lower tem- 
perature merely reduces the steaming capacity of the unit and 
has no detrimental effect on boiler parts. Indeed, the efficiency 
of the unit should, if anything, be increased. 

Results as regards these particular features have worked out 
about as expected. However, on account of the much greater 
fuel input, resultant greater volume of gas per pound of steam 
generated, and the consequent higher temperature of the gas 
entering the heat-recovery units, the design proportions of the 
superheater and economizer surface and the area of uptakes have 
become temporarily unbalanced, necessitating the pushing of 
excessive quantities of gas through the economizer uptake. 

Lowering feedwater temperature from 425 F to 230 F calls 
for an increase of 20 per cent in heat input per pound of steam 
generated, but the amount of heat to be absorbed by each pound 
of steam in the superheater, of course, remains constant regardless 
of feedwater temperature. Under these conditions of abnormal 
volume and higher temperatures of flue gas, the superheater 
uptake dampers, which are intended to be held stationary in an 
almost wide-open position, must be throttled down to build up 
pressure and force a surplus of gas through the economizer sec- 
tion. The excessive draft loss caused by this temporary con- 
dition further reduces steaming capacity. 

The 425-F feedwater temperature was planned to be supplied 
from a cross-over heater taking steam direct from the 350-lb 
steam-header system. A subsequent study of feedwater-heating 
conditions revealed that the cross-over heater most of the time 
would be using steam from the low-pressure boilers which must 
be operated to supply the turbine generators not included as 
part of the superimposed section of the plant. Considering these 
factors there would be little economic advantage in the use of a 
cross-over heater and it has, therefore, been omitted. With 
this revision in plans, the temperature of the feedwater to the 
economizer will be 330 F as supplied from a heater operating at 
a constant pressure of 100 lb per sq in. with exhaust from the 
boiler-feed-pump turbines. The pressure in the heater will be 
maintained constant by a pressure-control connection from the 
350-lb steam header. Incidentally, should a second high-pres- 
sure superimposed unit be installed, economic justification of the 
cross-over heater would then be established, and provision has 
been made for its installation at some future date. It is not cer- 
tain that with 330-F feedwater temperature the boiler as de- 
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signed will be entirely satisfactory. There is a possibility that 
the superheater surface may have to be reduced. With the 
modern continuous-loop superheater of welded construction, it 
is a relatively simple matter to make a change of this kind. 


Logan Operating Experience 
By PHILIP SPORN,' NEW YORK, N. Y. 


A$’ A RESULT of a thorough study made of the power re- 

quirements and the locations where capacity could best be 
added on the Appalachian Electric Power Company system, a 
final decision was made to superpose at Logan. Logan was 
selected because, (a) it was the least efficient of the four major 
plants on the Appalachian system, but is strategically located 
with reference to the load center and interconnected transmission 
facilities; (b) in superposing at Logan, it was possible to develop 
an economic block of capacity which, for several decades to come, 
would definitely complete the station from a capacity stand- 
point as the existing circulating-water supply is extremely limited. 
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Before superposing, Logan had only two 18,000-kw units in 
serviceable condition. There were also two 4000-kw turbines 
that had not been operated in some 8 years but which were re- 
built to operate at 4800 kw. A third 4000-kw unit at another 
plant, which had been shut down, was moved to Logan and re- 
built to 4800 kw. This turbine is exactly similar to the 4800-kw 
units which were already at Logan. These five turbines were 
then topped by a nominal 40,000-kw high-pressure unit, a section 
of which is shown in Fig. 1. The text of Fig. 1 is perhaps 
slightly misleading in one respect; thus, where it states that the 
bolting for the smaller-diameter inner shell is subjected to a red- 
hot temperature, a more correct statement might be that it is 
subjected to a temperature of 925 F which is almost red-hot. 

The idea of a single boiler and a combination of turbine gener- 
ators at Logan was prompted by considerations of space, econ- 
omy, and the availability of satisfactory high-pressure high- 
temperature equipment. This fitted in well with the state of 
development in high-pressure turbines and generators as there 
was a satisfactory background of experience with hydrogen- 
cooled synchronous condensers that had been operating on the 
system since 1928. 

Design Problems. The features of design problems are too 
many to go into in this short discussion. They were presented 
before a meeting of the Metropolitan Section of the A.S.M.E. on 
Oct. 7, 1936. They have also been covered in the April 11, 1936, 


; 1 Vice-President and Chief Engineer, American Gas and Electric 
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issue Of Electrical World as well as the June, 1937, issue of Power 
in which the Logan turbine was described. 

Among the features that might be mentioned, however, is the 
1,000,000-Ib per hr boiler shown in Fig. 2. The factors involved 
in the selection of the dry bottom are given in the article in 
the Electrical World which also gives other details in connection 
with the boiler. 

Another feature is the first hydrogen-cooled turbogenerator 
ever placed on order, which is shown in Fig. 3. Besides being 
hydrogen-cooled, this generator has another feature, namely, 
the elimination of tubular coolers and the substitution therefore, 
for the first time, of interlaminar stator cooling pads. 

It is felt too, that it is particularly interesting that the new 
equipment is operated by the former plant-operating organiza- 
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Fie. 2 Sream-Generatine Unit at LoGan 


(Combustion Engineering Company six-drum bent-tube boiler with water- 
cooled furnace and tangential pulverized-coal burners. The unit includes 
an Elesco superheater, two Elesco fin-tube economizers and two Ljungstrom 
air heaters. It is designed for 1,000,000 lb of steam per hr at 1325 lb per 
sq in. and 925 F at superheater outlet. Boiler heating surface, 20,800 sq ft; 
economizer surface, 25, sq ft; air-heater surface 90,400 sq ft.) 
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Fic. GENERATOR 
tion which, until that time, had been familiar only with a non- 
regenerative plant operating at 260 lb steam pressure at 625 F. 
It is true that some training was given the existing personnel, 
but the fact that it was undertaken at all is quite extraordinary. 

Starting Procedure. No particular ceremony was arranged 
when the plant was first placed in the line, nor was the process 
rushed. The main principle followed was to place one unit of 
equipment in service at a time, somewhat like the old Roman 
motto for handling provinces, ‘“‘Divide and conquer.” 

Operating Experiences. Before discussing the various details 
that may be mentioned, it is well to state that there were no 
operating experiences which even bordered on the serious. There 
were some difficulties however with the circulation in the boiler. 
Originally there were baffles in the side-wall headers and the 27- 
in. drum. In the 27-in. drum, which is located at the extreme 
bottom to supply the waterwalls, the drum baffle was two tubes 
off-center. The header baffles were also two tubes off-center 
and this resulted in a transfer of water and chemicals from one 
side of the boiler to the other. This was corrected by making 
the baffles watertight and definitely stopping the circulation from 
the east to the west side of the boiler. 

During the first few days there was excessive noise and vibra- 
tion in the pressure-reducing valves, resulting from too much 
clearance in the valve-stem guide bushings and sharp corners on 
the bonnet projections into the valve. These were reduced by 
modifying the bonnet projection into the valve and installing 
a new guide bushing at the bottom of the valve that reduced 
stem clearance. The pressure-reducing system was found 
necessary during starting-up and preliminary boiler operation. 
It eliminates boiler shutdowns, involving a large portion of the 
heat-cycle equipment when it is necessary to make turbine ad- 
justments. The pressure-reducing station is under the super- 
vision of the turbine operator and he has full control over dis- 
tribution of steam to the 200-Ib headers supplying the existing 
low-pressure turbines. 

Some difficulty was caused by the pulverizing mills which 
were purchased for capacities of 15 tons per hr each, with a coal 
grindability of 50 per cent. They are new Hardinge mills of the 
double-classifier type. The actual capacity first obtained was 
10'/; tons per hr each, but this is now being studied and cor- 
rected. 

One of the Ingersoll-Rand boiler feed pumps is turbine-driven 
and the other motor-driven. The one Foster-Wheeler feed pump 
is turbine-driven. Turbine-driven variable-speed pumps give 
an ideal setup during the starting period of a plant when low- 
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output operation is necessary. The motor-driven pump was 
found too critical for that range because of the high shutoff pres- 
sure. On one of the pumps the packing and balancing-chamber 
leakoffs greatly exceeded predicted amounts. On all three 
pumps it was thought necessary and a good precaution always 
to keep the discharge by-pass valve open during low flows to 
prevent heating of the water due to churning. This amounted 
to 20 per cent of the rated capacity, but the leakoffs will doubt- 
less be decreased in the future when it is fairly certain that there 
will be little danger occurring from low-capacity operation. 
The Smoot metered control divides the load equally between 
the pumps and maintains a constant excess pressure of 100 lb 
across the feed valves. Preliminary operation so far indicates 
a satisfactory arrangement. 

No difficulties have been experienced in the operation of the 
hydrogen-cooled generator which has been operating in hydrogen 
for several weeks. As pointed out before, the generator is cooled 
by interlaminar pads in the stator rather than by conventional 
tubular coolers. On the first load run the generator seemed 
somewhat warmer than anticipated. It was readily determined 
that the pads had not been completely filled with water so a 
different filling procedure was developed. Briefly, the first 
filling procedure did not fully recognize the fact that the pads 
resembled a bottle upside down that could not be vented. The 
new procedure merely flushed out the estopped air and removed 
it by vacuum. 

Since then, the generator has carried 35,000 kw entirely satis- 
factorily. The only reason it .has not been given a higher load 
is because of the capacity limitation of the pulverizer mill. 
Hydrogen leakage has not been excessive, but well within the 
manufacturer’s guarantee. 

The unit has not been run at full rating, nor long enough to be 
able to tell definitely that everything is as predicted. It is 
hoped, however, that results of final tests will be available soon. 


Operating Experiences With Water- 
side High-Pressure Installation 
By W. E. CALDWELL,’ NEW YORK, N. Y. 


N STARTING up the Waterside installation the electrically 
ignited gas-fired pilot burners were a great convenience. 
The coal from the unit mills ignited readily although to the eye 


1 Mechanical Plant Engineer, Consolidated Edison Company of 
New York, Inc. Mem. A.S.M.E. Melville Medalist, 1933. 
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the temperature of the gas flame appeared rather low. The use of 
gas also permitted heating the boiler and furnace up gradually 
before introducing the coal firing. In initially starting up the 
boilers and turbine the minor difficulties incident to any new in- 
stallation were experienced. 

In starting from a cold condition steam pressure is built up on 
gas firing to from 200 to 300 lb which is sufficient to start the 
turbine rolling. After rolling about half an hour, the pressure 
is gradually built up to about 500 lb by intermittent coal firing, 
during which time the speed of the turbine is slowly increased to 
about 2800 rpm. Steam admission valves of the feed-heating 
turbine are slowly closed to bring the back pressure to 200 lb. 
The 200-lb check valves then open and the boiler pressure is 
gradually increased to 600 lb. Synchronous speed is reached 
with a steam pressure of about 650 lb. The machine is then 
synchronized and the pressure is increased to the normal working 
level. The direct-connected feed-heating turbine aids in start- 
ing, since it exhausts at atmospheric pressure and delivers a 
substantial amount of torque as the back pressure is being built 
up at the exhaust of the main unit. 

The unit was placed in service with air as the generator-cooling 
medium, rather than hydrogen; and within a few hours after the 
start serious leakage of oil from the hydrogen seal was discovered. 
The unit was shut down, the hydrogen seals removed, and the 
unit restored to service on air with a capacity limitation of about 
45,000 kw. During the idle period necessary for removing the 
hydrogen seals a few boiler tubes were rerolled on account of 
minor leakage. The unit was returned to service and after a 
few days’ operation, leakage of the bellows-type expansion joint 
adjacent to the turbine in the 200-lb exhaust line necessitated a 
shutdown. The expansion joint was eliminated by the sub- 
stitution of piping and a rearrangement of anchoring and sup- 
porting structures to provide the desired flexibility. During this 
idle period the flexible coupling between the main generator and 
exciter was examined and excessive wear of the teeth was dis- 
covered. This coupling was replaced and a much heavier lubri- 
cant was substituted. Small vents were provided in the cou- 
pling ends to prevent the lubricant from being forced out by the 
piston action resulting from the oscillation of the exciter shaft. 
Subsequent inspection indicated that these measures corrected 
the trouble. Some iron-oxide deposits were found in the bottoms 
of the boiler headers and elsewhere in the boiler, although there 
was no evidence of boiler corrosion. It is believed that this 
material represented mill scale and oxides from other parts of 
the system which accumulated during initial operation. 

Some trouble was experienced with the original deaerator 
float-operated control valve, but otherwise the deaerator per- 
formance is satisfactory and the oxygen content of the feedwater 
is seldom more than a trace. A pilot-operated type of diaphragm 
valve is now being used but a longer period of service will be re- 
quired to prove its worth. The water seal on the deaerating 
heater was lost on several occasions. This condition has been 
improved by supplying cold water to the seal continuously. 
Two small pumps, provided for recirculating a small quantity of 
concentrated boiler feedwater through the economizer gave trouble 
and were returned to the factory for repairs. Some packing 
troubles have been experienced with the chemical-feed pumps. 

Difficulty was experienced with overloading the motors of the 
boiler feed pump due to excessive recirculation through a by- 
pass connection provided for protecting the pumps during initial 
light-load operation. The steam-driven boiler feed pump de- 
veloped balance-piston trouble and was returned to the factory 
for repair. The oil pump on both motors of the boiler feed 
pumps failed and had to be replaced, although the manufacturer 
felt that it would be safe to depend on the standard ring-oiling 
system with which the motors were provided. 
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In the early stages of operation it was noticed that the boilers 
were sensitive to water level, which necessitated carrying a low 
level in the drum. Even with careful control there was evidence 
of carry-over and in one or two instances it may have been at- 
tributable to a water level above the narrow limit which was 
found necessary. Feedwater control was entirely by hand by 
means of the manual mechanism attached to the automatic-con- 
trol valve. A concentration of about 500 ppm was maintained. 

Inspection after shutdown following a brief period of initial 
operation indicated sticking of the steam admission valves due 
to sediment. The deposit on the valve stems was found to be 
soluble and washed off readily. It consisted principally of sodium 
chloride from the leakage of sea water into the condensers and 
resultant concentration in the boilers. It is probable that it 
entered the turbine due to carry-over while shutting down, and 
was deposited on the valve stems by evaporation. 

Once during regular operation the latch plate by which feed- 
water control is changed from automatic to manual became dis- 
engaged and during the period required to restore this latch the 
opening of the valve was such that an excess of water was taken 
by the boiler. This resulted in heavy carry-over and some 
joint leakage in high-pressure piping flanges at the turbine, as 
well as joint leakage at the check valve in the exhaust line. A 
gasket was replaced at the check valve and although nothing was 
done to the high-pressure joints where leakage occurred they 
were found tight on starting up. 

Trouble was experienced with the coal-feeder actuators which 
form part of the control system. They were returned to the 
manufacturers, one at a time, for repair. During the absence of 
these devices the affected mill could not be operated. 

In starting the boilers initially, a large amount of stoker ash 
was spread over the water-cooled furnace floor for protection. 
As rating was rapidly increased on one of the boilers the flow 
of slag from this ash was discharged in such volume that it 
bridged over the conveying mechanism and finally built up from 
this point until the upper slag chamber and slag opening were 
blocked. The boiler was taken off the line as a precaution, 
while this accumulation was removed by means of slice bars. 
After a few hours, the opening was cleared, the boiler was returned 
to service, and the excess slag drained off readily, with no further 
trouble. Aside from this mishap the slag-disposal system has 
operated very well. It represents a departure from the usual 
hydraulic method of handling slag. Less water is required than 
with the usual systems and as there is no slag-discharge valve 
below water level there is no valve-leakage problem. 

The characteristics of the coal used are approximately as fol- 
lows: 


Volatile matter........ 22 per cent 
6 per cent 
1.3 per cent 

Fusion temperature............ 2550 F 

Iron oxide in ash.............. 22 per cent 


The heating surfaces are readily maintained clean by hand 
lancing with compressed air. 

After about a month’s operation, traces of oil in the gland leak- 
off water from the turbine made a shutdown desirable for in- 
spection. This inspection revealed no stoppage in the oil-return 
circuit and it is possible the presence of oil may have been due to 
foaming or to a defective bearing. The bearing was rebabbitted 
and no further trouble was experienced. At this time the tur- 
bine cover was removed for inspection as a result of impulse- 
blade trouble elsewhere in a similar machine. Inspection re- 
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vealed a few cracks in the shrouding on the first-row impulse 
blades and dented inlet edges of the second-row impulse blades 
of the turbine spindle. The dented blades were caused by a 
screw which inadvertently got into the space between the second 
row of stationary and moving blades. During this outage the 
impulse blades were cut off in a lathe and the rotor balanced at 
the factory. 

At this time the manufacturer substituted a rigid ring between 
the generator outboard bearing and the dome head of the main- 
generator shell in place of the flexible connection originally pro- 
vided. This substantially reduced vibration about the generator. 
The machine was restored to service following these changes and 
after about a day’s operation the failure of a corner waterwall 
tube in one of the boilers took place. The unit was then operated 
on the remaining boiler for a matter of hours until a correspond- 
ing corner wall tube failed in this boiler. It appeared likely that 
insufficient circulation and overheating was the cause. The 
tubes split open for a length of about 8 in. and flared out to a 
width of about 4 in. at a point about 4 ft above the burner. 
Corresponding tubes in the other corners revealed evidence of 
overheating. The incidental damage resulting from these 
failures was not great, due to the competent handling of the ap- 
paratus by the operating personnel. An outside casing plate 
was buckled and the three adjacent tubes were bowed outward 
by the issuing steam. The corner tubes were replaced, baffles 
were fitted in the uptake headers to equalize water velocities in 
the affected regions, and a number of joints were rerolled to re- 
store tightness. 

During this outage, inspection revealed some sediment in the 
water gland casing due to evaporation by the heat, and the hard- 
ness of the city water which was used. To correct this it is 
planned to substitute condensate for the gland seals. 

After replacing the waterwall tubes, the unit was restored to 
service with limited capacity. In the absence of the impulse 
blades the impulse chamber would be exposed to the possibility 
of erosion by the impingement of high-velocity steam from the 
nozzles. In order to avoid impulse-chamber erosion the steam 
pressure was reduced to about 1000 lb at the turbine, which gave 
an output of 36,000 kw with the governor control set for full load 
and all admission valves open. Since the quarternary valve by- 
passes the impulse section this reduces nozzle-chamber pressure 
sufficiently to obviate any danger of erosion. Under these con 
ditions the load on the machine is controlled by steam pressure, 
and steady flow and output conditions result. 

Since the boiler capacity has been temporarily limited to about 
450,000 Ib per hr, as a precaution against possible deficiencies in 
the waterwall circulation, this determines the maximum output 
of the unit. This capacity is of substantial value to the system at 
this time, since the exhaust steam is required for 25-cycle units on 
account of a temporary deficiency in boiler capacity. The de- 
ficiency is due to the removal of low-pressure boilers incident to 
the installation of the second high-pressure unit. The steam 
temperature at the throttle with the present load limit is main- 
tained, by means of the superheater by-pass damper, at about 
850 F, or at whatever level is required to hold the temperature 
of the 200-lb exhaust steam within the normal limit of about 
540 F. The duty on the feedwater regulating valve under the 
reduced-pressure condition is quite severe since the excess pres- 
sure often exceeds 500 Jb. The control valves appear equal to 
the condition and aside from the close attention imposed on the 
operator, no difficulty is expected from this source. 

Small leaks developed in the gasket joint in the inlet head of 
the 75-lb heaters. The leaks were corrected by regrinding the 
joint face of the water box and replacing the gasket. The outage 
required for this repair caused no great inconvenience nor sub- 
stantial loss of efficiency. With the arrangement of feed-heating 
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surface divided in parallel the usual by-pass is eliminated and the 
only loss which results in cutting out one set of heaters is the in- 
creased pressure drop through the remaining set and a slight re- 
duction of outlet temperature. Leakage has also occurred 
where stainless-steel thermometer wells are installed in the 
carbon-steel feedwater piping. This leakage was due to the fact 
that the joint between stainless and carbon steel presents prob- 
lems which render pressure tightness difficult to obtain. 

In shutting down the turbine the exhaust temperature rises 
quite high, due to the decrease in output. This condition is not 
serious but may possibly be eliminated by a modification of shut- 
down procedure. In order to protect the turbine against the 
danger of overheating when being motored from the bus, as in 
the case of a tripped throttle, steam by-passing is provided. By 
this arrangement about half the no-load steam requirement by- 
passes control to carry away the windage heat from the turbine. 

The turbine governor is very sensitive and in operation there 
was a noticeable tendency of the load on the unit to vary as 
much as 10 per cent without apparent reason. It is believed that 
these variations were due to the greater sensitivity of this gover- 
nor as compared with other units on the system. A load-limiting 
device is provided on the governor mechanism to permit stead y- 
ing the load and steam flow at some definite load limit and which 
will aid in stabilizing operation. 

With a high-pressure topping-turbine installation, the loss of 
steam pressure exposes the turbine to the possibility of serious 
injury when being motored from the line. Without steam flow 
through the turbine to carry away the windage losses, excessive 
blade temperatures develop in a matter of minutes. In both 
instances of boiler failures the prompt action of the operating 
personnel averted the possibility of serious damage. The 
operating procedure is to cut the generator from the bus when 
the load drops to 2000 kw. 

The precipitator efficiency is high which, combined with ex- 
cellent combustion, results in a perfect stack condition with 
practically no visible emission. 

During a 5-day period of operation before removal of the im- 
pulse blades a fairly good indication of performance was obtained. 
With an average net load of about 33,000 kw on the high-pres- 
sure unit, the coal rate was 1.92 lb (27,000 Btu) per kwhr on the 
high-pressure section alone. Since calculations in dicate about 
20 per cent more output from the low-pressure units for the same 
steam flow, the indicated performance of the combination for 
this load condition is about 0.87 lb of coal (or 12,300 Btu) per 
net kwhr. With higher load on the high-pressure unit and hy- 
drogen cooling on the generator, this performance will be im- 
proved. The operating results already indicate that expected 
performance is being fully realized. 

The writer gratefully acknowledges the assistance rendered by 
his associates in the preparation of this report. 


Operation of High-Pressure High- 

Temperature Plant, Millers Ford 

Station, Dayton Power & Light Co. 
By C. H. SPIEHLER,! CINCINNATI, OHIO 


A SUPERPOSED turbogenerator rated at 25,000 kw has 

been installed in this station. Steam is supplied at 1200 

lb per sq in. and 900 F by two high-head boilers, each designed 

for a maximum capacity of 375,000 lb per hr, and using pulver- 
ized-coal firing with a dry-bottom furnace. 

Superheat: temperature is controlled by means of dampers 


1 Mechanical Engineer, Columbia Engineering Corporation. 
Mem. A.S.M.E. 
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located above the two unequal passes formed by a row of division- 
wall tubes connecting the drum to the top of the downtake sec- 
tional headers. The superheater is installed in the larger front 
pass directly above the boiler tubes. One section of the econo- 
mizer is located above the superheater and extends over both 
gas passes, and a smaller section is located back of the super- 
heater, wholly in the rear pass. The flow of water through the 
economizer at present is upward parallel. By the proper opera- 
tier. of the dampers, it is possible to maintain a temperature of 
900 F from a capacity of 140,000 lb per hr to maximum rating 
and as low as 850 F at high capacities. 

The high-pressure turbine exhausts to the header of the origi- 
nal 110,000-kw plant at 230 lb and 550 F. 

The low-pressure condensing plant requires all the available 
water facilities during drought periods and a superposed turbine 
seemed to be the logical method of securing economically the 
needed additional capacity. 

It was estimated that the high-low combination, with 25,000 
kw on the high-pressure unit, would have a Btu rate of 13,800 
per kwhr send-out, and the indications are that this figure will be 
realized. The low-pressure section has averaged approximately 
20,000 Btu per kwhr send-out. 

Boilers. The first boiler was ready for operation April 17, 
1937, and trouble was immediately experienced with leaks at 
the rolled joints on the waterwall supply and riser tubes. Many 
of these joints were under a torsional stress and two rerollings 
proved ineffective. All the waterwall supply and riser tubes 
were then welded at the waterwall headers, drum, and to the 
two 10-in. downcomers. Also some of the riser tubes that were 
under the greatest torsional stress were tightly clamped to the 
outside of the casing at points ranging from 24 to 30 in. from the 
drum. 

When the boiler was put into operation on May 3, the steam 
was put into the 230-lb header through a reducing valve and 
desuperheated to 560 F. 

The boiler had bad-swinging water levels and the carry-over 
was excessive. 

It has been fairly well determined that the swinging water 
level is caused by the unexpected steaming of the economizer. The 
point where this steaming starts is dependent on many variable 
conditions, such as the position of the economizer damper, air 
flow, slag accumulations on the waterwalls, rating, and so on. 
Under ratings which are carried normally, the saturation tempera- 
ture is reached in the lower small section of the economizer. 
The upper section contains 440 cu ft and it may go from a steam- 
ing to a nonsteaming condition. Eight per cent steam in this 
section causes about 50 per cent increase in volume. The type 
of feedwater regulation used aggravated the swinging. 

It was found necessary to hold the rate of feeding about equal 
to the rate of steam output irrespective of the water level in the 
drum. If the rate of feeding were increased materially on a lower- 
ing of the water level, the water level would continue down for 
some time and then start up. It was then impossible to control 
the rise and the result was bad carry-over. 

It is now planned to make changes in the economizer, so that 
the feedwater will enter at the top of the upper section, flow down 
through this section to a header, then be carried down to the bot- 
tom of the smaller lower section, and upward through 
the smaller section to the drum. The lower section has a volume 
of 100 cu ft as compared to the 440 cu ft in the upper section. 
It is expected that on account of the smaller volume, the steaming 
“a the smaller section will greatly reduce the fluctuations in water 
evel. 

There were several other causes of priming besides high water 
level. One of the principal ones was the manner in which the 
drain lines from the drain pan under the scrubber were installed. 
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As a steaming economizer had not been expected the usual aspi- 
rator connections were made to these drains in the internal feed- 
water piping to the feedwater sprays. This aspirator did not 
work in connection with a steaming economizer. Either it 
did not drain at times or it shot water into the dry-steam space 
inside the scrubbers. These sprays and aspirator connections 
have been removed, individual sprays for each economizer sec- 
tion have been installed, and the drain pan is now drained by 
gravity with twelve 2-in. pipes carried down to within a few inches 
of the bottom of the drum. At the same time more effective 
baffles have been installed in front of all circulators and risers 
entering the drum. Originally, some of these circulators shot 
their contents down on the surface of the water at an entering 
velocity of 1500 ft per min. 

No priming has been detected since the high-pressure turbine 
was first started on Sept. 1, 1937. Many of the drum changes 
have just been made. 

Previous to these final changes in the drum, priming was 
greatly reduced by: 

1 Lowering the normal water level in the drum from the design 
level of 3 in. below the center line of the drum to from 7 to 8 in. 
below the center. 

2 Holding the concentration of total solids to from 250 to 
300 ppm. 

3 Exceedingly careful operation in regard to the many varia- 
bles mentioned earlier. 

To prevent the heavy accumulation of slag on the rear wall and 
the back halves of the side walls, four retractile slag blowers have 
been installed, two in the rear wall and one in each side wall, 
which give good results. 

Additional soot-blower units having 5/;-in. nozzles have been 
installed in the space beneath the lower section of the economizer 
for the better removal of friable slag, and these, too, seem to be 
effective. 

Draft System. Preliminary tests indicated that there was a de- 
ficiency of air at maximum boiler-steaming rate. This was proba- 
bly caused by the output of the forced-draft fan which was not 
quite up to specifications and by an excessive amount of friction 
in the inlet to the burner box. 

There was a failure of the hydraulic coupling on one of the 
forced-draft fans. The cause is unknown but was probably due 
to the breakdown of the internal thrust ball bearing. This is 
being rebuilt to embody changes recently developed in the design 
whereby the thrust bearing is located outside the coupling. 

On the two-winding cage-type motors of the induced-draft 
fans there has been rapid wearing of the bearings. The cause of 
this was found to be an intermittent shaft current of 122 amp at 
from 3 to 4 v, when running on the high-speed winding. This 
has been corrected by insulating the end shield supporting one of 
the bearings. 

Precipitators. The rod-curtain type of electrical precipitator 
has not as yet met guarantees. Only about 65 per cent of the 
fly ash is being removed from the flue gases. The manufacturers 
are still working on this installation. 

High-Pressure Boiler Feed Pumps. There are three six-stage 
double-suction pumps, horizontally split, each having a maximum 
capacity of 415,000 lb per hr, designed for a discharge pressure of 
1500 Ib per sq in., with a suction condition of 280 Ib per sq in. at 
250 F. Two of these pumps are driven by 1000-hp turbines 
using steam at 1200 lb and 900 F, and exhausting at 230 lb. The 
third pump is driven by a 230-lb 550-F turbine exhausting at 
2 lb. All three turbines have proved satisfactory in every par- 
ticular. 

On the pumps, some difficulty was experienced at first in 
finding a suitable shaft packing. This difficulty has now been 
largely overcome, but a more serious defect in design has de- 
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veloped. This is loss in capacity caused by the erosion of the 
pump casing at the parting line and around the high-pressure 
sealing bushing. The pressure difference across this bushing is 
approximately 900 lb per sq in. On account of the comparatively 
low rating carried on the one boiler in operation during this 
period, the difficulty was not discovered until the leakage got up 
to about 300 gpm. The casing was repaired by welding and 
hand machining. A 0.004-in. copper gasket about 1 in. wide, 
was also placed around the inside edge of the casing. This is 
only a temporary measure. The second pump also developed 
leakage and similar repairs were made. The third pump (driven 
by the low-pressure turbine) has operated only a comparatively 
few hours and as yet no leakage is noticeable. 

The cause of the trouble is probably lack of sufficient com- 
pression on the inner portion of the casing joint. Calculations, 
based on a stress of 30,000 lb per sq in. on the stud bolts, indicate 
that there is a pressure of less than 5000 Ib per sq in. at the section 
of the joint where the erosion took place. The engineers of the 
pump manufacturers are about ready to propose a change for 
overcoming this difficulty permanently. 

Reducing Valve. The 6-in. reducing valve, having a capacity 
of 375,000 Ib per hr when supplied with steam at 1200 Ib per sq 
in. and discharging into the 230-lb piping system, has given 
considerable trouble. 

One of the major troubles was the rather severe vibration of 
the valve stem which finally resulted in the fracturing of the ex- 
tended valve stem between the upper valve disk and the guide 
bushing. The valve has been partially redesigned with a much 
heavier valve stem, and a longer extension stem that projects 
out of the valve body, making it possible to use a much longer 
bushing for the extended valve stem. 

Since this change was made, there has been trouble due to the 
valve sticking in a partially open position so that the flow could 
not be reduced below 75,000 lb per hr without using strong-arm 
methods. Upon investigation, the valve stem was found to be 
sprung 0.020 in. which prevented the upper valve disk from 
entering the valve seat. 

1200-Lb 900-F Gate Valves. The sticking of the disks in the 
two 10-in. gate valves, on the boiler leads has caused an outage 
of each boiler for a week’s duration at different times. These 
valves are operated by bevel gears having a six-to-one ratio. 
In each case, when attempting to put the second boiler on the 
line the valve could not be opened by the usual means and a 
bar handled by two men was used. In both instances the four 
lugs on the valve stem that fit into the slots in the valve disk 
were sheared off. 

The reasons for this sticking have not been definitely deter- 
mined. One theory is that on account of the leakage of the 
l-in. by-pass valves (unknown at the time) the operators were 
under the impression that the main gate valve was leaking and 
so used too much force in closing it. 

The other theory is that a new operating technique must be 
used; that is, the disk must be slightly backed out and immedi- 
ately closed again at intervals until the valve has cooled down. 
With this method, when the valve body reaches a temperature of 
about 500 F, the valve disk is */;. in. out from the original closed 
position. This method of operation has been used since the last 
failure. On the other hand, the 12-in. and 6-in. motor-operated 
valves, under the same operating conditions, have always 
opened without difficulty. 

The 12-in. motor-operated gate valve, however did cause a 
turbine outage of one week because of stripping of the threads in 
the nut when attempting to close the valve. The nut was re- 
placed, and it was then found necessary to use a long bar and con- 
siderable force to close the valve. No attempt was made to 
open it in this condition. Further investigation disclosed a 
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badly scored valve stem. Since replacing this valve stem no 
further trouble has been experienced. 

High-Pressure Turbine Generator. This installation consists 
of a 25,000-kw, 0.8 power factor, 3-phase, 60-cycle, 12,000-volt, 
3600-rpm, noncondensing, hydrogen-cooled, turbine-generator 
unit, with exciter and pilot exciter, and a four-section surface 
cooler built into the generator housing for cooling the ventilat- 
ing hydrogen. 

This unit has been operating satisfactorily in every particular. 

The no-load steam was reduced from 98,000 Ib per hr with air 
to 80,000 lb per hr with hydrogen. The maximum load carried, 
up to the present, is 28,000 kw. 


Operating Problems, Twelfth Street 
Station Virginia Electric and 
Power Company 
By J. A. REICH,! RICHMOND, VA. 


FTER a year’s operation of a single-boiler topping-unit 

station the question asked more than any other is: What 
thermal efficiencies are being obtained during the preliminary 
trial period? To answer this question briefly it can be stated 
that, during the preliminary period with all its necessary shut- 
downs, results have been obtained that compare favorably with 
those guaranteed for a continuous operating cycle. 

The load has been such that from 25 to 30 per cent of the out- 
put is being generated on the relatively inefficient 200-lb-pressure 
side. Despite this fact a rating is being obtained of 15,500 Btu 
per net kwhr. 

A general comparison of economics is shown in Table 1. 


TABLE 1 
Combined 
stations, 
-—200-lb station—~ -~Topping station— one year's 
Winter Summer Winter Summer operation 
Coal factor, 
lb per kwhr 1.50 1.65 0.945 1.000 1.10— 
Btu r net 
21,750 23,925 13,702 14,500 15,500 
Station effi- 
ciency, per 
ee 15.7 14.3 24.9 23.5 22.0 


It is to be noted that the coal consumption was reduced 30 per 
cent, and a further reduction is to be expected now that operation 
is on continuous schedules. 

Much interest has also been shown in the availability of the 
topping station during the first year of operation. Tables 2 and 
3 give data on the boiler and turbogenerator, respectively, during 
the first 13 months. Shutdowns have been classified as shown in 
the tables. 

The following problems were those that were of moment 
during the preliminary trial period of the plant and will be dis- 
cussed briefly: 


Lighting-off troubles 
Low superheat 

Slag tapping 
Feedwater conditioning 
Coal pulverizers. 


ON 


LiGHTING-OFrF TROUBLES AND STARTING TIME 


For economical reasons and due to the lack of other available 
sources it was decided to use bottled propane gas with an auto- 
matic high-voltage spark ignition for the initial lighting off of 
the boiler. The location of the torches was approximately at right 


1 Superintendent, power plants, six substations, Richmond Di- 
vision, Virginia Electric & Power Co. 
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TABLE 2 NO. 17 STEAM GENERATOR 
(Preliminary operation period of 13 months) 
Date on Date off 
line line Hours Hours 
1936 1936 on off Comments on outage 
Oct. 13 Oct. 29 392¢ 204 General inspection of boiler and 


boiler-plant equipment 


Nov. 7 Dec 4 659¢ 56  Low-superheat correction 


Dec. 7 Dec. 18 279¢ 51 Low-superheat correction and steam- 
quality correction 
Dec. 21 Dec. 24 75¢ 125 Low-superheat correction 
Dec. 29 Dee. 31 42¢ 94 Low-superheat correction and explo- 
sion-door repairs 
1937 1937 


Jan. 4 Jan. 8 1104 5 Failure of combustion-control pilot 
motor while operating on one set 
of auxiliaries 

Failure of coupling between mill and 
exhauster while operating on one 
set of auxiliaries 

Inspection and internal-surface ex- 
ploration 

Installation of new roof and re- 
design of explosion doors. General 
repair of baffles and refractory 

Removal of fly-ash deposit from 
superheater pass and repair of re- 
fractory corners of combustion 


Feb. 13 8734 2 


Feb. 13 Feb. 26 289¢ 235 
Mar. 8 May 28 1953¢ 299 


June 10 Aug. 13 15456 34 


chamber 
Aug. 16 Aug. 22 154¢ 3 ~~ pressure-station shutdown 
uring electrical storm. Failure 


in switching equipment 

General repair and inspection of 
mills 

Fault in fan circuit while operating 
on one set of auxiliaries 

Repacking of valve in pilot line for 
feedwater control 

7945 + 1210 = 9155 hr, total period 


Aug. 22 Sept. 10 450°¢ 72 
Sept.13 Oct. 10 6524 1 
Oct. 10 Oct. 30 472¢ 29 

Total 7945 1210 


Unpredicted forced shutdown. 
+ Anticipated forced shutdown. 
¢ Shutdown not necessary but desirable for fault correction. 


Total steam output for period........... 
Maximum 15-min demand 
Maximum 1l-hour demand. 
Maximum 4-hr demand.. 

Minimum 15-min demand. 120,000 lb per hr 
Average boiler-unit efficiency a 


2,473,269,000 lb 
525,000 lb per hr 
500,000 lb per hr 
450,000 lb per hr 


high due to meter constant bie’ ; 88 per cent 
7945/9155 = 86.8 per cent 
1210/9155 = 13.2 per cent 


Availability factor (when needed for capacity) 9147/9155 = 99.9 per cent 


TABLE 3 NO. 6 SUPERPOSED TURBOGENERATOR 
(Preliminary operation period of 13 months) 


Date on Date off 

line line Hours Hours 

1936 1936 on rs) Comments on outage 
Oct. 18 Oct. 18 b 40 General inspection 
Oct. 20 Oct. 29 2226 209 + #£Vibration study and correction 
Nov. Nov. 20 3186 45 Washed turbine blades. 


Boiler outage | 

Boiler outage 

Annual inspection and _ vibration 
correction, 


Boiler outage 
Boiler outage 
Boiler outage 
Boiler outage 
Control-valve repairs 
Control-valve repairs 
Boiler outage 
High-pressure-station shutdown dur- 
ing electrical storm. Failure in 
switching equipment 
Control valve repairs 
Boiler 
. 30 52 Boiler outag 
Total 7429 1668 7429 + 1668. = 9097 hr, total period 
a Unpredicted forced shutdown. 
b Anticipated shutdown. 
¢ Shutdown during which time no major work was done on turbine. 


1668/9097 = 18.3 per cent 


angles to and below the coal nozzles. Trouble was immediately 
experienced in lighting off. The flame was short and lean and 
what later proved to be an oversupply of pulverized coal was re- 
quired to secure combustion. The characteristics of the flame 
were probably due to small torches and a relatively insufficient 
gas supply. To increase the capacity of the system would un- 
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doubtedly offset the original economic advantages. Puffs or 
small explosions of such intensity as to raise the explosion doors 
were always evidenced. Another disadvantage in the use of 
bottled gas was the lack of a convenient method of measuring the 
gas left in the tanks and the resulting difficulty in making use of 
all the remaining gas. 

As a temporary substitute during preliminary operations 
portable kerosene tanks and torches were used with air-atomiz- 
ing burners. This method proved more successful but the 
capacity of the installation was too limited and further puffs 
occurred, though not of the intensity experienced with the first 
installation of propane gas. 

A more permanent oil installation was then decided upon and a 
small fuel-oil system of conventional design, was installed. A 
torch of the mechanical-atomization type was provided for each 
burner and the group has a combined capacity of about 130,000 
Ib of steam per hr. No automatic-spark provision was included 
in the design, but hand-lighted torches are used. The oil burners 
are readily inserted manually, between the upper and lower coal 
nozzles and parallel to the coal flame. By carrying a rich and 
relatively long flame, and feeding coal at the lowest rate of speed, 
ignition takes place absolutely free from combustion puffs. 

Fig. 1 shows the time required to put the boiler on the line in 
the case of a fast coal feed, and a slower coal feed combined with 
fuel-oil ignition. In neither case, however, whether with a rapid 
or slow start was there any trouble from leaks that could be at- 
tributed to rapid expansion. 


Low SuPERHEAT ON 900-LB 835-F BorLerR 


During the preliminary operation there was a noticeable de- 
ficiency in the temperature of the superheated steam. The con- 
tract called for a temperature of 835 F but an average of only 710 
F was obtained. It was first thought that moisture was being 
carried over from the steam scrubber to the superheater, but 
calorimetric tests showed that this was not the case. The tem- 
peratures of the gases were then obtained by use of water-cooled 
thermocouples. The temperatures gave no positive indication 
as to the source of the trouble. More by accident than by pre- 
meditation CO, samples were taken in the first pass and combus- 
tion chamber, and readings of from 17.5 to 18.3 per cent CO: were 
obtained. The exit gases, to which the CO, recorder and air-flow 
steam-flow meter‘were tapped, showed but from 12 to 11 per cent 
CO,. The causes of the low superheat then became evident. 
Air infiltration was occurring through the steel casing of the boiler 
to such an extent as to cause the CO, differences, and the quan- 
tities of gases passing through the convection-type superheater 
were insufficient to provide the necessary heat transfer. With 
the stopping of the air leakage and readjustment of air conditions 
the first-pass readings showed 15 per cent CO, and the exit gases 
14.5 per cent CO,. The superheated-steam temperature im- 
mediately rose to 835 F, or normal. 


Siac 


Slag Tapping With Burners Inclined 15 Deg Toward Slag Bed and 
Arranged for Tangential Firing. Under these conditions removal 
of the slag from the boiler offered no serious difficulty. It was 
found that removal of the slag was required daily and at the start 
of tapping it was necessary to have the boiler steaming at a rate 
of from 275,000 to 300,000 lb per hr. However, after the flow of 
slag had been started, the steaming rate could be dropped to 
225,000 or 250,000 Ib per hr, and satisfactory tapping condi- 
tions maintained. 

After many experiments with various positions of the burners, 
the original setting was found to be advantageous and coals with 
fluid-ash temperatures of from 2200 to 2700 F have been tapped 
with equal success. 
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Measurement of the Furnace Bottom. The furnace chrome-ore 
bottom has been watched very closely to detect any indication of 
excessive expansion or bulging at the slag-bed level. As can be 
seen from the measurements given in Table 4, there has been no 
deformation up to the present time. 

High-Pressure Boiler. The high-pressure boiler is essentially a 


Steam to 
Superheater 


Steam from 
Rear Steam — 


Orum \ 


Distributor 


Feedwater to 
Mud Drum 


Fic. 2 Bussie-Typp Steam WasHER 


four-drum, bent-tube-type, water-tube boiler. The drums are so 
arranged that the top, or dry drum, receives the incoming feed- 
water and releases the washed steam to the superheater-inlet 
header. A bubble-type steam washer, as shown in Fig. 2, is 
located in the dry drum and is the medium for purifying the 
steam. 

Make-Up Water. Richmond city water is used as make-up, 
after being zeolite-softened. The water is of relatively good 
quality for boiler feed purposes. 


Water Conditioning. Chemical conditioning is conducted by 
the plant laboratory under the general supervision of the Hall 
Laboratory. Details and costs of treating water for the high- 
pressure boiler are shown in Table 5. 

Boiler Priming. After a month of preliminary operations it be- 
came evident that serious priming was occurring at indefinite 


TABLE4 EXPANSION MEASUREMENTS OF FURNACE BOTTOM 


Length - 
North side Center South side 
1937 ft in, ft in, ft in. 
Mar. 29 29 8 29 8 
June 29 9 29 91/4 29 8 
Aug. 29 8 3/5 29 81/5 29 844 
Width 
West end Center East end 
ft in, t in, ft in. 
Mar 21 3 21 2 212 
June 21 3 21 21%, 21 27/s 
Aug. 21 31/5 21 21% 21 3 


TABLE 5 FEEDWATER TREATMENT 


(Data and Costs for Preliminary Operation Period of 13 Months) 
Conditioning Limits 


Alkalinity, CaCOs equivalent, ppm.....................00005 50 to 100 
otal solids, ppm maximum.......................... 1800 
Operating Data 
Steam generated, lb X 10¢........ 2500 
12 


Treatment Costs 


Anhydrous sodium sulphate........................ 459.25 
Unit Costs 
Chemical treatment per lb of steam generated............. $0.45 
Chemical treatment per 10? lb of make-up..............0e000% $0.0037 
Zeolite softening per 10¢ lb of steam generated................ $0.36 
Zeolite softening per 10? lb of make-up.................00000: $0.003 
Complete treatment per 10¢ lb of steam generated............. $0.81 _ 
Complete treatment per 10* Ib of make-up.................055 $0.0067 


* Electric plant, 6 per cent; commercial-steam sales, 6 per cent. 


~ 


hy 
3 

q 

i 

| 

nf 

| 

; 

Screens 

t 

t 
4 

4 


FSP-60-13 


intervals. This condition resulted in a decided drop in the tem- 
perature of the superheated steam. 

At the time of the most pronounced priming, concentration 
tests of the boiler water indicated 1400 ppm of total solids. It 
was calculated that approximately 25 lb of solids had been carried 
over in a period of 50 min. A decrease in the capacity of the top- 
ping unit from 14,000to 11,000 kw was immediately noticed giving 
evidence that a considerable quantity of the solid matter was de- 
posited on the turbine blading. The turbine was taken off the 
line and the blading washed in the following manner: 

The turbine drains and atmospheric-exhaust valves were 
opened, The unit was turned over at a speed of from 100 to 200 
rpm and normal feedwater injected in the first-stage drain Jine. 
The washing was continued until a chemical test of the wash 
water approximated that of the injected feedwater, the wash- 
water sample being taken from the last-stage drain. An average 
of many tests showed the following analysis of the wash water: 


Watet-soluble NaCl and Na,SQy............. 70 per cent 
Water-insoluble silicates.................... 30 per cent 
Reasons for Investigation of Steam Quality. After com- 


paratively short operating intervals the available capacity 
of the high-pressure turbogenerator decreased some 1500 to 2000 
kw. The trouble was diagnosed as dirty blades caused by dep- 
osition of solids from contaminated steam. As nozzles had been 
installed in the turbine steam line for the injection of feed- 
water to wash the blades in case of such trouble, temporary 
relief from the condition was possible. Investigations of steam 
quality were made, and the results showed contamination of from 
2.5 to 5.0 ppm. 

The manufacturer, although not successful in meeting the con- 
tract figure of 0.25 ppm for steam contamination, has been able 
to improve the steam-scrubbing equipment so that the plant is 
now operating with steam which is apparently free of excessive 
solids as far as deposition on turbine blading is concerned. After 
several 3-month operating periods, there was no noticeable re- 
duction in the turbine’s capacity and it is now felt that steam 
contamination is a negligible factor in continuous operation. 


Coat PULVERIZERS 


Because of the interest evidenced in the relatively larger size 
of the bowl-mill type of pulverizer, a report on these mills might 
be of interest. 

There are two No. 543 Raymond Bow! Mills with integral ex- 
hausters and separate-floor feeders. Each mill has a nominal 
capacity of 26,000 Ib of coal per hr and, in combination with one 
duplex-fan unit, is capable of maintaining approximately 300,000 
lb of steam per hr on our 450,000 lb per hr steam generator. 
Fineness regulation is controlled by the setting of the classifier 
and the relative position of the rolls to the bowl. Table 6 shows 
the results of fineness tests on the two pulverizers after 13 months 
of operation. Samples were taken in an identical manner in each 
test. 

On the basis of expected life and actual repairs, shown in Table 
7, although the actual cost has been less than 2 mills per ton of 
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TABLE 6 FINENESS TESTS ON PULVERIZERS 


Mill No. 1 Mill No. 2 
Screenings tests after operating 13 months 
Per cent through 200-mesh screen.............- 71.10 74.91 
Per cent through 100-mesh screen.............- 91.20 92.61 
Per cent through 60-mesh screen..............- 97.41 97.59 
Per cent through 40-mesh screen............... 99.45 99.45 


TABLE 7 MAINTENANCE COSTS ON MILLS 


Total coal pulverized, both mills, tons...................- 106000 
Welding exhauster-discharge $15.80 
Renewal of exhauster spider and blading.................- $122.50 
Total actual cost per ton coal pulverized.................- $ 0.0017 
Estimated cost per ton coal pulverized.................--- $ 0.0022 
Estimated cost per ton coal pulverized...............-..-- $ 0.0020 


@ From observations it is estimated that one set of rollers and one bull 
ring should be renewed for every 100,000 tons of coal pulverized per mill. 
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coal consumed, the cost over a period of several years is expected 
to be closer to 1 cent per ton of coal pulverized. This should 
allow for the possibilities of several other minor repairs or inspec- 
tions which cannot be foreseen at this time. 

Power Consumption and Operation. The curves shown in Fig. 
3 are based on tests run throughout a year’s period of operation 
and show the power consumed at the various ratings together with 
the degree of pulverization and the primary air required. 
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Discussion 


Supercharging of Internal-Combus- 
tion Engines With Blowers Driven 
_by Exhaust-Gas Turbines' 


If we assume that under nonsupercharge 
conditions the cylinder is filled with air at 14.7 lb per sq in. abs 
and 630 F abs, and when supercharged it is filled with air at 19.2 Ib 
per sq in. abs and 680 F abs, then the increase in weight of air is 
about 21 per cent. 

However, if it were assumed that the clearance volume, which 
might be taken as 8 per cent of the piston displacement, is 
cleared out in the supercharged and not in the nonsupercharged 
engine, then the weight of air in the cylinder at the beginning of 
the compression stroke is increased by 10 per cent and becomes 31 
per cent greater than under nonsupercharged conditions. It 
would appear then that the engine does not operate with quite 
as high an excess-air coefficient when supercharged since the in- 
crease in fuel burned is about 40 per cent. 

That the excess-air coefficient at 1200 hp is smaller than when 
running nonsupercharged is further borne out by the fact that 
the fuel consumption per brake horsepower hour is about the 
same for supercharged and nonsupercharged conditions, whereas 
if the excess air were maintained constant, the supercharged fuel 
consumption should be less due to the very material increase in 
mechanical efficiency. 

The writer would like to have the author explain how the 
curve marked “scavenging” in Fig. 8 of the paper is computed. 

One.of the problems encountered when supercharging is the 
tendency of the cylinder pressures to increase with the super- 
charging pressure. In a paper by W. Pflaum* mention is made 
of a 300 mm X 380-mm engine operating at 700 rpm, in which 
the cylinder pressure is 950 lb per sq in. when the supercharging 
pressure is 3'/, lb per sq in. Few engines of comparable size 
built in this country have been designed for such high pressures, 
and when computing expected performance of engines designed 
for lower cylinder pressures, this correction should not be over- 
looked. It is not satisfactorily answered by the statement that 
engine structures and running gears have sufficient margins of 
safety to withstand this increased gas load because that could 
equally well be taken advantage of by increasing the bore of the 
cylinder on the same running gear. 

If the combustion pressure is kept down by retarding the in- 
jection, the expansion ratio is adversely affected and it is doubt- 
ful that the low fuel consumption, or high engine capacity, shown 
in the paper, can be obtained under those conditions. 

The indicator diagram in Fig. 5 shows a maximum cylinder 
pressure of 650 lb per sq in., but apparently this is taken on a 
large slow-speed Franco-Tosi engine and does not apply to the 
700-rpm engine whose performance is recorded in Fig. 8. 

Does the author have records of maximum combustion pres- 
sures observed during the test of this SLM Winterthur engine? If 
they are appreciably higher than normal nonsupercharged pres- 
sures, what would the performance curves in Fig. 8 look like if 


1 Published as paper OGP-59-2, by Alfred J. Biichi, in the Febru- 
ary, 1937, issue of the A.S.M.E. Transactions. 

2 Chief Engineer, Diesel Engineering Department, Ingersoll-Rand 
Company, Phillipsburg, N. J. Mem. A.S.M.E. 

3 ‘‘Auflabe-Diesel Maschinenund Schiffsantrieb,””’ by W. Pflaum, 
Werft Reederei Hafen, vol. 16, June 15, 1935, pp. 206-210. 


the injection was retarded to give nonsupercharged pressures? 

It is known that the performance of a Diesel engine is improved 
by increasing the constant-volume phase of the combustion which, 
however, runs up the maximum cylinder pressure, and this is 
a condition the test engineer must always be on the lookout for 
when making observations. For instance, if one is studying the 
effect of fuel cams with different rates of injection, it is essential 
that comparisons are made on the basis of a timing which gives 
the same cylinder pressure. Likewise, when comparing super- 
charged and nonsupercharged performance of a given engine, 
regardless of whether it is supercharged with an exhaust-gas- 
driven or a direct-driven blower, it is essential that cylinder pres- 
sures be of the same value in the tests being compared. 


E. C. Macpesurcer.‘ It has been my privilege to follow the 
work of Mr. Biichi since 1912, first from the vantage point of one 
associated with the American licensee of Sulzer Bros. where his 
work began and for the last fifteen years from the point of view 
of the U.S. Navy. It is one thing however to discuss abstractly 
the possible advantages and appraise the probable shortcomings 
of the theoretical basis of the supercharging process developed 
by Mr. Biichi and vastly different to be present at official tests 
of supercharging units. I refer to the compietion of the so-called 
Navy type-approval tests at the Auburn plant of the American 
Locomotive Co. on October 6, 1936, on a standard six-cylinder 
four-cycle locomotive-type Diesel engine of 12'/, in. bore and 
13 in. stroke equipped with a Biichi supercharger unit and de- 
veloping 900 bhp at 700 rpm. 

In order to encourage continuous improvement in the design 
of Diesel engines without restricting the designers’ freedom of 
choice as to individual features of design it is the policy of the 
Bureau of Engineering of the Navy Department not to prescribe 
any limiting values of any kind except that of reliable perform- 
ance. Thus, the maximum or full-power rating of an engine which 
may be offered to the Navy is defined as the one at which it will 
operate smokeless on standard Navy Diesel fuel oil for 24 hr 
following without interruption a nonstop endurance test of 240 
hr at 80 per cent of full-power rating and 90 per cent of full- 
power speed, provided however that during post-trial examination 
its parts show neither damage nor undue wear as the result of 
such a test. 

The previously mentioned engine passed such a type-approval 
test and henceforth may be the basis of bids on any Navy re- 
quirements subject, of course, to whatever other limitations as 
to weight and space, which may be in any given specifications. 
In other words, the Navy has declared itself satisfied with the 
reliability of performance of the exhaust-gas-driven turboblower 
and of the engine equipped with it. 

It is not my purpose to add anything either to Mr. Biichi’s 
exposition of the fundamentals involved or to his description of 
the development stages through which the exhaust-gas-driven 
supercharging blower passed before it arrived in America. Mr. 
Biichi’s perseverance through many disappointments and lack 
of appreciation on the part of his contemporaries is now amply 
rewarded by the multitude of different applications of his original 
idea to use the energy of exhaust gases to charge the working 
cylinders of an internal-combustion engine. The writer merely 


4 Bureau of Engineering, Navy Department, Washington, D. C. 
Mem. A.S.M.E. 
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wants to add his tribute and emphasize that the men who are 
responsible for the reliable performance of the propelling plants 
of the U. S. Navy declared his method of supercharging a four- 
cycle engine acceptable. This does not mean of course that it 
is superior to any other way of obtaining increased power from 
any given piston displacement and one could readily question 
such claims as (a) “piston cooling devices always give rise to 
difficulties sooner or later,” or (b) a supercharged engine has 


— — — +4 -- 


2000 5000 


' 

' 

' 

H 

QO soo 1000 


S000 


Fig. 1 Top: TrunK-Piston Four-Cycie ENGINE WEIGHING 80 LB 

PER Bup INCLUDING Pumps. MIDDLE: TRUNK-PIston Four-CycLe 

ENGINE WitH SuPERCHARGER WEIGHING 65 LB PER Bup INCLUDING 

Pumps. Borrom: TRUNK-Piston Two-CycLte ENGINE WEIGHING 
60 Ls PER INcLUDING Pumps 


“less pronounced torsional oscillations, the amplitudes being re- 
duced to one half or less.” 

However, the use of every alternate revolution for the purpose 
of cooling the piston, instead of the added complication of cooling 
devices even if they are not as troublesome as suggested, is very 
attractive if weight and space will permit it. Similarly the “less 
pronounced changes in pressure” are no doubt highly desirable 
but they are attainable in “ordinary Diesel engines” by refine- 
ments in the shape of the combustion spaces and injection de- 
vices, 

In conclusion, the writer thoroughly appreciates the special 
advantages of the supercharged engines using the exhaust-gas- 
driven turboblowers wherever the particular circumstances favor 
them, but generally speaking is inclined to agree with H. Beckers 
who gives the following relative standing of the three types of 
engines (all of them of the trunk-piston type) : 

‘High-Speed Engines for Sea-Going and Inland Waterways 


Vessels,” by H. Becker, The Marine Engineer, vol. 59, September, 
1936, p. 258. 


1 Two-cycle, five cylinders, 510 bhp at 350 rpm, weighing 60 Ib 
per bhp with attached pumps. 

2 Four-cycle with Biichi supercharging, six cylinders, 510 bhp 
at 364 rpm, weighing 65 lb per bhp with attached pumps. The 
weight is 10 per cent higher than that of the two-cycle engine. 

3 Four-cycle, eight cylinders, 510 bhp at 364 rpm, weighing 
80 lb per bhp, or 30 per cent higher than the two-cycle engine. 


The space requirements of these three engines vary correspond- 
ingly as can be seen from Fig. 1 of this discussion, showing the 
elevation views of the engines. Four engines of each of the first 
two types have been built by the MAN Company for installation 
in four twin-screw ships recently built and their sea-going per- 
formance will alone be the proper criterion of the relative merits 
of the two-cycle versus four-cycle-supercharged types of Diesel 
engines. 


S. A. Moss.* Mr. Biichi has been able to assist European engine 
builders to increase the horsepower of their Diesel engines by 
incorporating the Biichi exhaust-gas-driven supercharger. There 
is some evidence that American builders of Diesel engines are 
following their example. 

Of course the question can be raised as to the advantages of 
turbocharging compared with supercharging with a blower some- 
what similar to that used by Mr. Biichi, to be driven by the 
crankshaft. There are many aviation engines with such a drive, 
and the question could be raised as to whether that would not 
be perhaps an equally advantageous system. There would be 
eliminated the exhaust pipes and the turbine wheel. So far as 
the writer can see, you could have the oscillations within the ex- 
haust pipe that would help scavenging, and there would be no 
difficulty with back pressure at any time. 

The writer would like to ask Mr. Biichi a number of questions: 
First, do the partitions between the separate cylinders extend 
directly to the nozzle blades? 

Has there ever been a Biichi supercharger on an airplane 
engine? 

Would the oscillations and the advantages of having separate 
manifolds operate with the high speeds of an aviation engine? 

The oscillations which Mr. Biichi gets and the separation of 
his exhaust into separate sections, in most of the engines he has 
shown, operate at 700 to 900 rpm. Modern aviation engines 
operate at 2000 to 2700 rpm. The writer would like to inquire if 
these oscillations would then operate; in other words, would there 
be the same effect at much higher speeds? 

The writer would also like to inquire if the Biichi turbosuper- 
charger would operate without the oscillations and without the 
division of the cylinders to separate banks. Would the exhaust 
back pressure with steady flow be so high that the engine would 
not scavenge? 


Ler ScunerTTerR.’ Mr. Biichi has prepared an excellent paper 
on supercharging. Of course, there is always one thing that 
comes to the mind of the operating engineer, and that is: ‘(How 
much does it cost?’”’ In one case I am familiar with, a 1500-hp 
European engine for a foreign installation cost a little over $25 per 
hp. About 300 hp additional capacity for peaking was obtained 
by purchasing another cylinder or two on the engine. It, there- 
fore, cost about $7500 to gain that extra 300 hp. 

The Biichi system and several other different schemes of super- 
charging were studied. The Biichi supercharger cost about $6000 
without piping, freight charges, and other items. Supercharging 
would have cost about $9000 complete so in that particular case, 
it was not economical. 


* Research Engineer, General Electric Company, West Lynn, Mass. 
Mem. A.S.M.E. 
7 Ebasco Services, Inc., New York, N. Y. Mem. A.S.M.E. 
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Is there an economical point in engine size where supercharging 
can be applied? Is it above 1500 hp? Is it necessary to go 
above 3000 hp to supercharge economically? No doubt there is 
some range in size where the cost of supercharging will balance the 
cost of extra engine cylinders. It seems to the writer that super- 
charging for small units cannot be applied economically unless 
there are other reasons which are more important than cost. 
One of these might be the necessity for weight reduction although 
I still believe that in certain sizes there will be some doubt about 
gain in this direction. 


A. I. Livetz.§ That the power of an internal-combustion engine 
can be increased by providing more air per stroke for combustion, 
has been known for a long time. Tests made with two- and four- 
cycle engines proved the possibility of increasing power, but, at 
least for Diesel engines, showed that great difficulties were being 
encountered. About ten years ago, on a two-cycle engine in this 
country they were the same as those indicated in Fig. 1 of Mr. 
Biichi’s paper, when he refers to tests made by him in 1911. 
Maximum cylinder pressures and exhaust temperatures were 
very high. 

Mr. Biichi’s contribution to the research and development of 
supercharging lies mainly in the arrangement of the valves in the 
cylinder of a four-cycle Diesel engine and exhaust pipes, by which 
very efficient scavenging and subsequent cooling and superheat- 
ing are obtained. The efficiency is also due to the proper se- 
quence of pressures which is obtained through air-wave oscilla- 
tion in pipes of predetermined length. As a result of this, the 
scavenging air in the Biichi supercharging system cools the valves 
and the cylinders, admits a greater weight of supercharging air, 
and thus results in an increase in power without an increase in 
maximum pressures and exhaust temperatures; in other words, 
the behavior and dependability of the Diesel engine itself re- 
main as they were without the supercharger. 

These principles and also the development of the construction 
of the exhaust turbine and blower have proved their usefulness 
in a great number of marine installations, where the Biichi system 
has been giving satisfaction for many years; but the thing which 
is interesting now, is that railroads are beginning to realize the 
great advantages which are offered by the increase in output for 
a very small increase in weight and cost of the installation. The 
German Reichsbahn and some European railways are already 
trying the Biichi system on locomotives and high-speed trains. 
In this country an attempt is now being made to try out the Biichi 
system on switching locomotives. 

A 600-hp engine, built by the American Locomotive Company, 
when supercharged to 900 hp, weighs 3400 lb more. This repre- 
sents only a 10 per cent increase in weight, while the output is 
increased 50 per cent. This has no appreciable effect on the 
weight of the locomotive, even if the electrical parts and radiators 
do weigh slightly more for the larger power. The total increase 
in the weight of the locomotive is only 2 per cent. 

This 900-bhp supercharged engine has already been tested in 
the Auburn plant of the American Locomotive Company, hav- 
ing been subjected to a ten-day endurance Navy test, and has 
passed the Navy type-approval test. 

Five switching locomotives for the Birmingham Southern 
Railway are now being built by the American Locomotive Com- 
pany with 900-bhp supercharged engines of this type. We shall 
thus soon know, from actual experience on these five locomotives, 
about the usefulness and practicability of the Biichi supercharger 
for this kind of work. 

For high-speed work supercharging should be of still greater 


* Chief Consulting Engineer, American Locomotive Company, 
Schenectady, N. Y.; nonresident Professor of Locomotive Engineer- 
ing, Purdue University, West Lafayette, Ind. Mem. A.S.M.E 
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importance, because then the input of the power per ton of 
weight which characterizes the ability of the train to accelerate, 
is increased by 50 per cent. 


W. M. Nicuots.® The writer would like to know if Mr. Biichi 
has knowledge of an engine run in an emergency with the super- 
charger disconnected to determine how much power the engine 
would develop with the valve timing used in conjunction with the 
supercharger. 

The one thing that should be stressed is that supercharging by 
the Biichi method is not really only supercharging. Most of us 
are prone to assume that the normal engine has a much higher 
volumetric efficiency than it actually has and, without any new 
increase in pressure, but by just filling the cylinder with cold air we 
gain more than our calculations would show because the air 
temperature at the closing of the inlet valves is much lower with a 
supercharged engine than with a normal engine. This is ac- 
complished by scavenging of the residual gases and effective cool- 
ing of the internal parts. This cooling effect is proved by the 
fact that the supercharged engine requires a higher compression- 
volume ratio to get the expected compression pressures, namely, 
the exponent is lower. This fact was distressing to the writer at 
first. However, we find it is a fact that we must have a higher 
ratio of volumes to get the expected compression pressures. 


W. E. Lerca.'” Besides the exhaust-turbine blower super- 
charging method described by Mr. Biichi for four-stroke-cycle 
Diesel engines, there are two other developments: First, the 
development for similar engines using a supercharger either 
driven directly by the supercharged engine, or from an auxiliary 
Diesel engine or electric motor. Second, the development whereby 
the underside of the Diesel-engine pistons, in connection with 
specially developed pumping chambers, are used to produce the 
combustion air for pressure charging and scavenging of the cylin- 
ders. All of these systems have their practical limitations in 
regard to the possibility of increasing the net power output or 
for improving the thermal, volumetric, and mechanical efficiencies 
of the power plant. 

The writer’s experience with the Biichi supercharging method 
applied to different makes of Diesel engines and for various 
designs has clearly demonstrated that with present turbine- 
blower units as built by Brown-Boveri & Company which have 
an over-all efficiency of from 50 per cent for small units to 60 per 
cent for larger units, a net continuous power increase of 45 to 55 
per cent was possible without increased wear of the moving gears 
or harmful effect to the structural parts of the engine. In order 
to accomplish these results, it is essential that all factors which 
directly or indirectly control the combustion of the fuel oil be 
properly coordinated. In other words, the combustion-chamber 
design, gas and air passages, timing of events, and particularly 
the fuel-injection equipment, must be in full harmony, otherwise, 
incomplete éombustion will result which is accompanied by high 
exhaust temperatures and a smoky exhaust. 

From the heat-balance table of the paper, Mr. Biichi states 
that some 35 per cent of the introduced heat energy is lost in the 
exhaust gases. If, for any reason, combustion suffers, this figure 
will immediately increase and the engine performance be affected 
with the usual accompanying mechanical troubles due to carbon 
formation and excessive exhaust temperatures. Good results 
can only be obtained through engineering skill in design and 
manufacturing of the engine itself, as well as proper selection of § 
suitable supercharging equipment. 


* Experimental Engineer, American Locomotive Company, Diese! 
engine division, Auburn, N. Y. Mem. A.S.M.E. 

10 National Chief Engineer, Hemphill Diesel Schools, Long Island 
City, N. Y. Mem. A.S.M.E. 
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The writer would like to ask Mr. Biichi what his personal 
experience has been in comparing the different supercharging 
methods applied to similar engines. How does the heat balance 
of exhaust turbine-blower supercharged engines compare with 
induction engines? 


A. L. BERGER" anpb O. CHENOWETH.'! That part of the paper 
dealing with aircraft engines is of particular interest to the 
writers since their experience has been entirely with the applica- 
tion of exhaust-driven superchargers to engines for the purpose of 
maintaining sea-level power at the higher altitudes. Because the 
exhaust temperatures with aircraft engines are from 1200 F to 
1800 F instead of 900 F to 1100 F as reported by Mr. Biichi, 
it has not been found practical to enclose the turbine in a casing 
but rather to so place the wheel that it may be cooled by the slip 
stream of the propeller and the air velocity resulting from the 
forward speed of the plane. It is noted that Mr. Biichi provides 
water cooling for the casing for some of the larger supercharging 
units; it would be interesting to know whether or not this cooling 
has been extended to the turbine nozzles and to the turbine 
buckets. 

In the engine-performance curves given in Figs. 7, 8, and 20 of 
the paper, charging-air pressures not greater than 6 lb per sq in. 
are shown which result in a compressor-pressure ratio of ap- 
proximately 1.4, depending on the barometric pressure. Super- 
chargers for aircraft engines are required to maintain consider- 
ably higher pressure ratios as shown by Table 1 of this discussion. 


TABLE 1 COMPRESSION-PRESSURE RATIOS NECESSARY TO 
MAINTAIN SEA-LEVEL PRESSURE AT VARIOUS ALTITUDES 


Altitude Pressure ratio, 
ft P:/Ps 
5000 1.20 
10000 1 45 
15000 1.77 
20000 2.18 
25000 2.70 
30000 3.37 


Since the exhaust-driven supercharger finds its greatest ap- 
plication for airplanes intended for high-altitude flying, it is ap- 
parent that much higher impeller-tip velocities are required than 
those demanded for current Diesel-engine supercharger practice. 
It is evident, therefore, that the higher exhaust-gas temperatures 
and the higher impeller-tip velocities demand extreme care in 
mechanical design and the use of the very best high-temperature 
materials known to the metallurgist. The problem is further 
complicated by restrictions in weight far beyond that demanded 
by any industrial, motor-ship, or railway application. 

While it is true that there is considerable drop in atmospheric 
temperature experienced by the ascending airplane which assists 
in lowering the temperature of the air delivered to the engine, 
this reduction in temperature is insufficient to prevent the de- 
livery to the engine of air at excessive temperatures, which not 
only results in a decrease in volumetric efficiency, but more 
seriously, the antiknock value of the fuel is depreciated and de- 
tonation and preignition may result. To overcome these difficul- 
ties, it has been necessary to interpose an air-cooler between 
the compressor and the engine carburetor. The necessity for the 
air-cooler is not brought about by the fact that the compressor 
is exhaust-driven, but solely because of the heat of compression, 
regardless of the method of propulsion. For example, an inter- 
cooler was required between the two stages of the geared super- 
charger used on the recent British altitude flight. 

It would be of interest to know whether or not Mr. Biichi has 
experienced any limitations in engine speed at which his system 
functions, and whether or not the pressure oscillation set up 


yp War Department Air Corps, Office of the Chief of Division, 
Wright Field, Dayton, Ohio. 


artificially in the piping between the engine and the exhaust-gas 
turbine is tuned for one speed and is efficient over a range of speed 
above and below that for which the system is designed. 


E. Nipss.!?_ From Fig. 3 of the paper it appears that the inlet 
and exhaust valves have an overlap with about 140 deg. It is 
assumed that during this period, the weight of air passing the 
valves is expressed as a percentage of that remaining in the swept 
cylinder volume and clearance space. Will the author confirm 
this? 

Presumably there is an optimum amount of air delivered by 
the blower, under one set of operating conditions for a given 
engine, and therefore under all other conditions this amount is 
relatively less and has to be accepted. This is indicated in Figs. 
4, 8, and 20 and incidentally, Fig. 20 shows that a variable-speed 
constant-torque engine is not so well off as stationary or marine 
sets with regard to scavenging-air supply. 

It may be asked, whether under very light loads at constant 
speed, the amount of air supplied by the blower set is sufficient 
to charge the cylinders fully, and if not, then a nonreturn valve 
communicating with the atmosphere might be necessary to aug- 
ment it. Fig. 4 indicates that this might occur at mean pressures 
under 30 lb per sq in. 

Has the author any information as to where the economics of 
the situation—in regard to marine engines—forces the conclusion 
that a six-cylinder supercharged set should be installed rather 
than an eight-cylinder engine of the same bore and stroke? This 
might be given in terms of diameter and revolutions. 

It is not clear to the writer that the broadening of the indi- 
cator card, resulting from supercharging, means less pronounced 
torsional oscillations in the shaft. Lewis in his paper! analyzes 
an indicator card for various mean pressures, and from plates 89, 
90, and 91 it will be seen that the harmonic coefficients from the 
first to sixth order increase with increased mean pressure, while 
subsequent orders decrease but at a slower rate. 

Therefore, it appears that an additional exciting force is, in 
practice, always introduced in cases where mean pressures are in- 
creased whether by supercharging or any other method. Further 
information on this point is requested. 

The progress made by the system bearing the author’s name 
since its inception in 1911 is indicative of its merit and also of the 
unremitting work of its progenitor. 

Interest in supercharging is awakening in this country and 
it is by papers such as this that reliable information may be dis- 
seminated. This is very necessary in order to dispel the notion, 
very widely held, that “supercharging” and “overloading” are 
synonymous. 


K. Knrsse.'* The author shows per cent scavenging as one 
of the items in several of his figures. Does he mean, by this, the 
quantity of air passed through the intake valves in excess of 
the swept volume, the latter considered as 100 per cent? 

The writer would like to know if the Biichi exhaust turbo- 
blower could be used in the following scheme: 

An internal-combustion engine with an auxiliary exhaust which 
opens first and for a short time; in the receiver of this exhaust 
can be maintained a considerable back pressure, say 10 to 20 Ib 
per sqin. By the time the pressure in the cylinder drops to about 
the receiver pressure the auxiliary exhaust is closed and another 


12 Chief Engineer, Electric Boat Company, Groton, Conn. Mem. 
A.S.M.E. 

18 ‘Torsional Vibration in the Diesel Engine,” by F. M. Lewis, 
Trans. of the Society of Naval Architects and Marine Engineers, 
vol. 33, 1925, pp. 109-147. 

14 Research Engineer, Aircraft, Continental Motors Corp., Detroit, 
Mich. Mem. A.S.M.E. 
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exhaust opens to atmosphere; after that the cycle continues in 
the usuai manner. 

In a setup of this nature it has been demonstrated that the 
power of the engine does not drop with increased back pressure 
in the auxiliary exhaust. This can be explained as follows: As 
the high-pressure exhaust leaves the cylinder, the velocity in the 
port reaches that of sound, because the pressure difference be- 
tween the cylinder and receiver is more than two to one. 

It is possible to design a valve mechanism to do this satisfac- 
torily. It can readily be seen that there is a very large amount 
of energy stored in the auxiliary-exhaust receiver. Would it be 
possible to use a Biichi gas turbine to convert this energy into 
mechanical power? This power could be used to drive a super- 
charger or the turbine shaft could be geared to the engine shaft 
and increase the output of the engine. In this latter case the 
specific fuel consumption would be improved, which is of par- 
ticular interest for aircraft engines. Another attractive feature 
of such a blower is the high speed, which means high power out- 
put for a small weight. 

It must be realized that the temperature in the auxiliary ex- 
haust receiver will be considerably higher than the ones described 
in Mr. Biichi’s paper. 


C. R. Hovcuton.'® The writer wishes to call attention to the 
author’s statement: ‘‘Mechanically driven blowers therefore 
cause a very high fuel consumption at low loads.” This state- 
ment is correct with reference to centrifugal-type mechanically 
driven blowers, but with the positive-displacement blowers it is 
possible to relieve the discharge pressure by either a mechanically 
or automatically opened air valve and thus reduce the horsepower 
absorbed by the blower to one fourth, or less than that required 
at full load. 

The author also states that when starting at low load, the gear- 
driven blower requires the same power as at high speed. How- 
ever, if the outlet from the positive-type blower is properly 
relieved, the power for the blower can be greatly reduced. 


AUTHOR’s CLOSURE 


Besides the supercharging pressure of 19.2 lb per sq in. abs and 
the temperature of 680 F mentioned by Mr. Miller, and also 
the filling of the clearance volume with cold air in place of hot ex- 
haust gases, there are still three further influences to be considered 
in connection with exhaust turbocharging. 

During the combustion process the walls of the combustion 
space are heated to a high temperature. When the relatively 
cold charging air flows in during the suction stroke, it is greatly 
heated, so that at the end of the stroke the temperature of the en- 
closed charge of air is much higher than the temperature of the 
outside air, or the temperature of the charging air. Inthe super- 
charged engine working with scavenging, the circumstances in 
this respect are considerably better than with the nonsuper- 
charged engine working without scavenging. During the scaveng- 
ing period which precedes the suction period, an intense internal 
cooling of the combustion space takes place, which cooling, in the 
four-stroke engine, becomes most effective when the piston is ex- 
actly at the top dead center. With a scavenging-air surplus of 
from 30 to 40 per cent as is the case in the Biichi process, the com- 
bustion space is scavenged through with cold charging air four 
to five times. This means a great lowering of the temperature of 
the inner walls of the combustion space, as well as of the piston 
crown and the valves. In this case therefore the fresh charge 

” will not be heated by the cylinder walls to anything like the same 
extent as in an ordinary nonsupercharged machine. The weight 
of air taken in at the end of the suction stroke, is consequently, 


18 Chief Engineer, Roots-Connersville Blower Corp., Connersville, 
Ind. Mem. A.S.M.E. 
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solely for this reason, from 8 to 10 per cent greater than in the 
unsupercharged machine, working without scavenging. 

Further, tests and measurements of pressure have shown that a 
cylinder to which air is led under pressure, is better filled with air 
than a cylinder in which the movement of the piston must, first 
of all, create a suction. The volumetric efficiency of the filling 
is higher, i.e., the loss of pressure when introducing and drawing 
in the charging air, is less in the supercharged machine. See 
Fig. 1 of this closure. For this reason, the weight of air taken in 
is relatively greater than in an ordinary engine. 
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Fic. 1 Pressures IN A SUPERCHARGED ENGINE DurinG 


THE EXHAUST AND SUCTION STROKES 


(Showing various supercharging and mean effective pressures. Engine 
speed, 1300 rpm.) 


In addition to that, all tests have shown that the mechanical 
losses in the engine due to friction practically do not increase, 
when a Diesel engine is supercharged and the maximum pressures 
are kept approximately within the same limits. This results in a 
smaller fuel consumption per unit of power developed, which is 
always found with exhaust turbocharging, and which means a 
further increase in output of from 6 to 8 per cent. 

When all these influences are considered, increases in output of 
50 per cent and more are obtained, and these have been confirmed 
in practice by the highest authorities after careful testing, with 
the same excess of air used as in ordinary engines. 

The fuel consumption of the same engine when turbocharged is, 
at normal load, always from 6 to 8 per cent less, and at quarter 
load about 25 per cent less than when not turbocharged. The 
improvement in the fuel consumption therefore practically cor- 
responds to the improvement in the mechanical efficiency. 

The scavenging-air percentages given in Fig. 8 of the paper are 
to be understood to mean the percentage of charging air which is 
introduced by the charging blower beyond the complete filling of 
the swept volume with air at supercharging pressure and tempera- 
ture. 

With regard to the maximum cylinder pressures, it is to be 
stated that the supercharged engine, just like an ordinary engine, 
can be worked with widely different maximum combustion pres- 
sures. The MAN Diesel engine mentioned in W. Pflaum’s writ- 
ing,’ is a type which is worked with comparatively high maximum 
pressures. In no way does the use of supercharging cause the 
combustion pressures to tend to rise. The combustion pressure 
depends principally on the fuel injection. If this takes place 
early and quickly, the maximum pressure rises higher than if it 
occurs later and more slowly. There is not the slightest difficulty 
in keeping to any maximum pressure, whether prescribed by the 
design of the engine or by the rules of the ship’s classification s0- 
cieties. This has been proved by the many marine installations 
already made in accordance with the rules of Lloyd’s Register oF 
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of the German Lloyd, in which in some cases low maximum pres- 
sures were prescribed. The MAN engine mentioned is a pro- 
nounced high-speed engine, and in it the builders adopt relatively 
high combustion pressures. This engine is consequently of 
course designed and constructed in such a way that it is well able 
to stand these high pressures. The same type of engine, however, 
has already been supplied by that firm with a maximum pressure 
of 750 lb per sq in. It is well known that one does not go so far 
in this respect in America as in Europe, where the high cost of 
fuel makes it necessary to endeavor to obtain an extremely favor- 
able fuel consumption. This is the principal reason for working 
with high combustion pressures. 

The SLM Diesel engine illustrated in Fig. 8 of the paper has a 
maximum pressure of 710 lb per sq in. There are, however, 
many supercharged engines working with a combustion pressure 
of 600 lb per sq in. or even less. The increase in output is but 
little affected by a reduction in the maximum pressure; on the 
other hand, the fuel consumption is more affected, and can already 
be reduced to 0.335 Ib per bhp-hr in well-built engines. With re- 
spect to this, it might be mentioned that the 2250-bhp MAN Die- 
sel engine of Fig. 7 has a maximum pressure of 710 lb per sq in. 

It should be added that the constant-volume phase in a turbo- 
charged engine is much shorter than in one not turbocharged. 
Consequently, at the beginning of combustion, the rise in pressure 
is not so sudden, and this gives much smoother running. At the 
same time, however, as all test results have shown, the amount of 
power developed by the engine, and also the fuel consumption, 
are not unfavorably affected. 

It is very satisfactory to hear from Mr. Magdeburger that the 
type of engine here under discussion has been submitted to a 
type-approval test by the U. S. Navy. This type of engine has 
been adopted on a large scale by some of the greatest navies in 
the world particularly for high-speed boats, submarines, and the 
like, in units up to 2500 bhp. For these purposes, the four-stroke 
engine with Biichi exhaust turbocharging, taking all points into 
consideration, must certainly be the most suitable, otherwise it 
would not have been adopted. The navies in question have of 
course been offered two-stroke engines also. For naval purposes, 
the low fuel consumption plays an important part whether a vessel 
is running at full speed, or at cruising speed where the necessary 
output drops to less than a quarter of the normal load, and the 
fuel consumption per bhp becomes more than 25 per cent lower. 

Generally no special place is required for the charging blower; 
in most cases it can be located above a coupling, or in some simi- 
lar position. The efficient silencing effected by the turbine is 
important with warships, as a great saving can be made in the 
weight of the muffler. Also less energy is required for starting 
the turbocharged engine because of its smaller cylinder and crank- 
shaft dimensions. 

A four-stroke engine can safely be run with a higher piston 
speed than a two-stroke engine, so that it is quite possible to con- 
struct such an engine with the same, and even smaller, dimensions 
and weights, than a two-stroke engine. In the latter type of 
engine, the providing of scavenging air by means of such units as 
reciprocating pumps which are driven by the engine or by an 
auxiliary Diesel plant, is in many respects a greater complication 
than the simple exhaust turboblower, with its small and purely 
rotating masses, driven by an exhaust turbine, and giving a service 
perfectly independent of the Diesel engine. Multicylinder 1000 to 
2500-bhp MAN Diesel engines with Biichi exhaust turbocharging 
and running at 700 rpm, weigh about 17 Ib per bhp. Maybach 
700-bhp V-engines with the same system running at 1500 rpm, 
weigh only about 10 lb per bhp. 

Referring to the discussion by Mr. Moss, it is undoubtedly true 
that, by utilizing the energy of the exhaust, energy is utilized 
which is allowed to go to waste in ordinary Diesel engines, or in 


engines in which the charging blowers are driven by the engines. 
The mean exhaust back pressure necessary to drive the turbine is 
low. With a good turbine it is about 3 lb per sqin. In amerdi- 
nary engine without exhaust turbine, this back pressure,:'because 
of the high exhaust speeds, is of the order of at least 2 lb per sq 
in. It can therefore be seen that the difference in back pressure is 
extremely small, and, one might say, almost negligible. To drive 
a charging blower mechanicaily from the engine, 15 to 20 per cent 
of the output of the engine must be used, according to the ef- 
ficiency of the blower and the supercharging pressure. - This 
percentage will be larger if it is desired to obtain as great: an in- 
crease in output as can be had with exhaust turbocharging. For 
the drive a complicated and expensive gearing is required, par- 
ticularly if one desires to put it into and out of service for starting 
and while the engine is running, a procedure which ‘is not at all 
necessary with exhaust turbocharging. With the latter, exhaust 
pipes between engine and turbine are certainly required; but, if 
the exhaust blower is properly fitted, such pipes will be short and 
light. 

With high speeds, such as occur in airplane engines, the pres- 
sure fluctuations can be followed if the exhaust pipes are correctly 
designed, so that the advantages are present in this type of 
engine as well. Engines with Biichi turbocharging, and running 
at similar speeds, have already been built successfully. 

The partition walls in the exhaust pipes are carried right to the 
turbine nozzles or not, as found necessary. 

Without pressure fluctuations it is certain that practically no 
scavenging and correspondingly much less increase in output 
will be obtained. In addition, the exhaust pipes between engine 
and turbine must then have a great volume so that they act as a 
receiver in order to prevent any pressure fluctuations. With 
the efficiencies attainable in exhaust turboblowers, it would in the 
last case hardly be possible to count on anything like an effective 
scavenging, so that the extra output of the machine would drop 
by from 20 to 25 per cent. 

It is quite true as Mr. Schneitter says, that in many cases 
where no particular importance is attached to the question of 
space required, and low consumption of cooling water, fuel, and 
lubricating oil, the price of a turbocharged plant as compared 
with an ordinary engine is decisive. Now, in nearly all cases 
where the output of a stationary engine exceeds 300 or 400 bhp, 
it has been found that an engine with exhaust turbocharging is 
less expensive than one without. It requires smaller foundations, 
a smaller enginehouse, and possibly a smaller electric generator 
if a higher speed is permissible for the set. Because of the re- 
duced dimensions of the pistons, there is a saving in ee 
costs, freight, and so on. 

One must naturally take the 50 per cent increase in output 
fully into consideration, and realize for example that, instead of 
a six-cylinder engine with turbocharging, an engine with nine 
cylinders of the same dimensions would be required to develop 
the same output. In engines for rail and road vehicles and for 
marine and airplane purposes, the reduced dimensions and the 
less weight of the turbocharged engine become of great im- 
portance. There, consequently, the economical limit for the 
turbocharged engine is reached with much smaller outputs. The 
advantages of turbocharging are still more pronounced with 
engines that have to work at high altitudes. 

In a few words, Professor Lipetz has given the essentials-of the 
Biichi turbocharging process very clearly in all aspects. Up to 
the present time nearly 200 locomotives and rail cars fitted with 
this system have been supplied or are under construction. The 
largest locomotive has an output in two engines of 4400 bhp. 
The smallest locomotive engine so equipped, 150 bhp; is owned 
by the Peruvian Railways; it still develops thes power at an 
altitude of 14,000 ft above sea level. 
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The turbocharged engine has the useful ability of compressing 
rarefied air at high altitudes to such an extent that the output of 
an ordinary engine, referred to low altitudes, can still be reached 
even at great heights. The only requirement is that the super- 
charging pressure be suitably chosen. 

In reply to Mr. Nichols’ query, it can be said that a Diesel 
engine with the exhaust-gas turbine out of service, even when the 
turbine rotor is absolutely stuck and air is drawn through the 
blower, can still develop about 80 per cent of the ordinary Diesel- 
engine output with permissible temperatures. If the air pipe 
between engine and blower is opened, which is easily done in 
practically all cases, the normal output of the nonsupercharged 
Diesel engine can be quite well reached, under suitable operating 
conditions. 

Mr. Nichols is quite right when he says that a Diesel engine 
turbocharged by the Biichi system not only receives the charge 
at higher pressure, but also that, in consequence of the scavenging 
of the compression space and of the internal cooling of the hot 
walls, as well as of the piston crown and valves, during the 
scavenging period, the air enclosed in the cylinder at the end of 
the suction stroke has a much lower temperature and a cor- 
respondingly greater specific weight than in an ordinary Diesel 
engine. Mr. Miller did not take this, and some other points, 
into consideration when making his calculations of the possible 
increase in output. 

The reply to Mr. Lerch’s question is that, with the Biichi 
process, the share of the heat which is present in the exhaust 
gases of the engine, is much higher than in an ordinary Diesel 
engine. In spite of about 10 per cent of this heat energy being 
utilized in the turbine, the heat remaining in the gases at the 
turbine outlet is still from 35 to 37 per cent of the heat introduced 
with the fuel. In an ordinary Diesel engine the corresponding 
figure is about 25 per cent. The difference is, as already men- 
tioned, to be sought in the fact that a considerable share of the 
heat has been extracted from within the engine by the additional 
cold scavenging air. On the other hand, the heat led away in 
the cooling water, in which the main part of the frictional losses 
is included, becomes smaller in an engine working with Biichi 
turbocharging, amounting only to about 22 per cent as compared 
with 38 per cent in an ordinary nonsupercharged engine. In 
the case of Diesel engines with the supercharging blower driven 
direct from the engine, a continuous increase in output of about 
25 per cent is permissible, under favorable conditions with ample 
scavenging. The fuel consumption then is, however, about 15 
per cent higher, and it is also necessary to put up with all the 
drawbacks caused by coupling the slowly turning engine to a 
high-speed blower. 

The remarks of Messrs. Berger and Chenoweth are very much 
to the point. The most perfect type of turbocharging is par- 
ticularly important for airplane engines, in order that they may 
develop as much power as possible at high altitudes. It is well 
known that the air resistance of airplanes decreases greatly 
at high altitudes, so that from a speed standpoint it is of ad- 
vantage for the plane to fly at great heights. On the other hand, 
the great rarefaction of the air is a drawback for the engines, and 
if this can be overcome by any means whatever, it is imperative 
that such means be adopted. It is true that the exhaust tem- 
peratures mentioned in the paper refer to Diesel engines, where 
they are considerably lower than in gasoline engines. The higher 
the temperature of the exhaust gases, the more energy can be 
utilized by the exhaust turbine and the more air can be supplied 

by the blower coupled to it. Now, if the Biichi process is adopted 
in which the increased output is reached, so to say, half by in- 
creasing the pressure of the air, and half by the effect of the 
thorough scavenging of the interior of the cylinders with cold 
charging air, it will certainly be a better method than those 
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hitherto taken, where it is necessary, on account of the limitations 
imposed by permissible temperatures, to cool the turbine wheel 
with cold air, obtained either from the propeller or from the 
blower itself. In any case, providing such cooling air means a 
loss of energy, or it causes resistances, with the result that pro- 
portionally less charging air can be supplied. On the other hand, 
it appears rather curious that this cold air is not used in the engine 
itself, which also suffers from high temperatures. This air could 
be used, for example, as scavenging air and led, together with the 
exhaust gases, to the turbine, where it would then exercise a 
further cooling action. 

Since the compression spaces in a gasoline engine are much 
greater than in a Diesel engine, where they amount to only 8 
per cent of the cylinder swept volume, thorough scavenging of 
the compression space and its filling by means of precompressed 
air will have a much greater effect. For this reason the per- 
missible increase in output will be greater than in a Diesel engine. 
This effect is further increased because the wall temperatures are 
higher in a petrol engine than in a Diesel. 

As already mentioned in the paper, care must certainly be 
taken that scavenging of the engine can really be carried out, 
i.e., scavenging must be effected only with fresh charging air, 
and not with a sort of fuel-air mixture. For particularly high 
temperatures, the author considers an internal cooling of the 
turbine wheel, for instance with oil, to be the proper procedure; 
this can be effected without loss. The wheel ought then to be 
designed in such a way that the blades are also sufficiently cooled. 

Today it is possible to obtain a charging-air pressure ratio up 
to 2.5 with a single-stage centrifugal blower. But in the Biichi 
system, the charging ratio must not be carried nearly so high, as 
in an engine with mechanically driven charging blowers. In the 
first place, the great excess of scavenging air has just as great an 
effect on increasing the weight of air in the cylinder as the com- 
pression of the charging air itself by the method formerly used. 
Since, therefore, a smaller compression ratio in the blower is 
sufficient, the temperature of the charging air will not be as high 
as in an engine without scavenging. Further, the engine must 
not itself drive the charging blower. The exhaust back pressure 
required to drive the turbine is slight, and therefore the increase 
in output is considerably greater than when the engine has to 
drive the turbocharging blower also. 

The compression ratio given by Messrs. Berger and Chenoweth 
for the different heights, is about what would be necessary, with 
isothermal compression, to give the same density of air as on the 
ground. Since the temperature of the air during the compression 
rises high in spite of the fall in the atmospheric temperature at 
high altitudes, and the compressor must be driven also, in the 
case of mechanical charging, the given pressure ratios would not 
be sufficient, to obtain the ground output at the various altitudes 
under the same thermal conditions of the engine. In the Bichi 
system, on the other hand, it is only necessary to obtain from 70 
to 80 per cent of these ideal pressure ratios, for with a charging 
pressure ratio of about 1.8 at an altitude of 20,000 ft the same 
output will be obtained as at ground level under equally favor- 
able conditions. It seems therefore that with Biichi turbo- 
charging with a single-stage turbine and a single-stage blower, 4 
great range, covering practically all altitudes usually considered, 
is practical without any cooling of the supercharging air. For 
extremely high altitudes only, a two-stage blower with cooling 
would be advisable. 

The strong pressure fluctuations before the exhaust turbine, 
a peculiarity of the Biichi system, can be properly maintained, 
as has been shown in engines running at speeds from 100 up to 
2000 rpm. It is only necessary to see that the exhaust pipes be- 
tween engine and turbine are of such dimensions that no un- 
controllable resonance oscillations can ‘occur in them, which 
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Fic. 2 AMPLITUDES OF THE 
HARMONIC OF THE TANGENTIAL 
Forces or A Four-STROKE 
En- 
GINE WITH AND WITHOUT 
TURBOCHARGING 


(The complete abscissa scale repre- 
sents one revolution of the crankshaft. 
A harmonic of the 12th order has a 


4é cme 
per 


6 cm? 


frequency of 12 cycles per revolution 
of the engine.) 


might interfere to some extent with the possibility of obtaining 
accurate timing of the pressure fluctuations. With respect to 
this, of special importance are the length and the volume of these 
exhaust pipes, the entrance section of the turbine, and the timing 
of the valve gear. Since airplane engines are not of great 
dimensions, it is easy to find an arrangement of the exhaust 
turbine so that no such resonance oscillations can occur within 
the whole speed range. 

In reply to Mr. Nibbs, the given scavenging-air percentages 
are to be understood as the percentage of the quantity of air at 
charging pressure, over and above the swept cylinder volume. 

Naturally the quantity of air for the engine and also the 
charging pressure, can be selected in accordance with require- 
ments by choosing different dimensions and speeds for the turbo- 
blower. They may, for example, be chosen so that they are 
favorable for the greatest load, or for a certain part load. The 
conditions may also be chosen so that they are the best at a 
certain speed. This is especially important for engines which 
must have the best efficiency and conditions at a certain speed 
and load, as, for instance, those in locomotives, rail cars, busses, 
and trucks. : 

With Biichi turbocharging there is always sufficient air availa- 
ble at low loads. Even at no load, there is more than in an 
ordinary nonsupercharged engine, as the speed of the blower is 
still about 50 per cent of its speed at normal load. 

Nonreturn valves in the air pipe, such as suggested by Mr. 
Nibbs have been adopted with various engines fitted with Biichi 
turbocharging, particularly when low-load operation for long 
periods was required. The fuel consumption at low load is 
somewhat improved by their use. 

Assuming the increase in output to be 50 per cent, a six- 
cylinder turbocharged set corresponds in fact to a nine-cylinder 
nonturbocharged set. Therefore the six-cylinder turbocharged 
installation will be some 12.5 per cent more powerful than an 
eight-cylinder engine of the same bore, stroke, and speed. 

With regard to torsional oscillations in turbocharged and non- 
turbocharged Diesel engines, reference is made to Fig. 2 here- 
with, in which the maximum amplitudes of the several higher 
harmonies of the tangential forces in such engines are plotted as 


a function of the respective order of such harmonics. From this 
it can be seen that greater tangential forces occur in the turbo- 
charged engine at the low orders up to about the sixth, while on 
the other hand they are considerably smaller at higher orders, 
falling, for instance, to about half for the tenth and higher order. 

In Diesel engines the higher orders are generally the most 
dangerous, and they make themselves unpleasantly felt outside 
the engine through vibrations; therefore, the turbocharged 
engine is more favorable in this respect. The same can be 
seen from Fig. 3, where the torsional stressing for orders 4, 5'/2, 
6'/2, and 8, and also the torsional stressing caused by the torque 
of the engine, are plotted as a function of the speed of the engine. 
The normal speed of this particular engine is 250 rpm. 

As Mr. Nibbs says, supercharging has often had to suffer by 
being considered as synonymous with overloading. The author 
consequently adopts the expression turbocharging to denote his 
system of supercharging. 

A Biichi exhaust turboblower can, of course, be adopted with 
an internal-combustion engine with an auxiliary outlet to the 
turbine. This is a similar suggestion to that made, for instance, 
in U.S. patent No. 2,082,780. But, as Mr. Knibbe points out, 
care must be taken that the temperature in the auxiliary-exhaust 
receiver and in the turbine connected to it does not become too 
high. It must not be forgotten that the best materials known to- 
day cannot retain sufficient strength for any length of time if 
exposed to temperatures higher than about 1100 F. 

Referring to the remarks of Mr. Houghton, it is true that a 
mechanically driven blower can be shut down at low loads and 
also when starting the engine. This can be effected by a by-pass 
pipe for the air, with a positive-displacement blower or with a 
centrifugal blower, but the driving moment of the blower can be 
reduced only to a certain amount, which will still be consider- 
able. Also the operating of the by-pass requires special devices, 
which it may not always be possible to actuate quickly enough 
when the load on the engine is subjected to rapid fluctuations, es- 
pecially when a sudden increase of the load is wanted. In re- 
versible engines for ships, the blower drive must also be reversi- 
ble, and that means further complications. In exhaust turbo- 
charging, on the other hand, the turboblower runs always in the 
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same direction, independently of the direction of rotation of the 
engine, and it continues to run for some minutes after the engine 
is stopped, thus greatly facilitating quick maneuvering and 
starting in the opposite direction. 

With a mechanically driven blower, a clutch, which can be 
disengaged, may be used for coupling the engine and blower. In 
addition to that, however, a by-pass. pipe must be provided, so 
that air may be drawn in without having to pass through the 
blower. All this means further complications and troublesome 
service. Moreover, it results in nowhere near as simple and 
economical a solution as is given by the exhaust turboblower 
which is wholly independent of the engine. 


The Forced-Draft Spreader Stoker' 


A. A. Brumrie.tp.? The Dravo Corporation, as dealers in the 
Pittsburgh District for the Iron Fireman Manufacturing Com- 
pany, has made a number of installations of pneumatic-spreader 
stokers under a variety of conditions. The important items of 
some of these installations are given in Table 1 of this discussion. 

Plant A is equipped with two 150-hp horizontal return-tubular 
boilers set approximately 108 in. from the floor to the shell, and 
spreader-type stokers which replaced direct-fired pulverized-coal 
systems. Since one of these two boilers may be out of service at 
times, it was necessary to demonstrate the ability of each boiler 
to carry the entire plant load; accordingly, a test of one of the 
boilers was made, during which some interesting facts were de- 
veloped. The two boilers operate an apron- and towel-supply 
laundry which throws sudden peak-load demands on the boilers. 
The test was run from 5:30 a.m. to 5:30 p.m. to include all phases 
of the operating load. During some of these peaks, which lasted 
for from 15 to 20 min and in one case 35 min, approximately 400 
hp was developed on this 150-hp boiler. 


1 Published as paper FSP-59-6, by J. F. Barkley, in the May, 
1937, issue of the A.S.M.E. Transactions. 

2? Combustion Engineer, Machinery Division, Dravo Corporation, 
Pittsburgh, Pa. 


The heat release on this boiler is considerably higher than is 
advisable for spreader-type stokers, but since this test was made 
merely to establish the ability of one boiler to produce enough 
steam to keep the plant in operation in case it becomes necessary 
to shut the other boiler down, and since these operating condi- 
tions will not be repeated possibly more than once or twice a 
year, it was not deemed necessary to increase the furnace volume 
for this emergency operation. Since the plant is equipped with 
two boilers, and both are normally in operation, this brings the 
heat release down considerably and really makes a very fine 
operating job. 

It is interesting to note that the boilers in this plant are 
equipped with a Green cinder trap, which was used in conjunc- 
tion with the pulverized-coal burners previous to the installation 
of the spreader stokers. However, since the installation of these 
spreader stokers, the use of the trap has been discontinued and 
there has been no objectionable fly-ash precipitation from the 
stack. 


TABLE 1 CHARAC TES OF FOUR PLANTS EQUIPPED 
WITH SPREADER STOKERS 


Maximum steam capacity, lb per 

12530 7325¢ 6045 8490 
Calorific value of coal, Btu perlb.. 13800 13360 13600 12755 
Furnace volume, cu ft.. 470 553 226 250 
Maximum heat release, Btu per 

Average heat release, Btu per 

35250 18800 42500 47000 

CO, average. 14.15 11.0 13.2 
Maximum ring rate, lb of coal per 

sq ft of grate area............. 45.0 
Average firing rate, lb of coal per 

sq ft of grate area............. 50.2 20.00 20.9 22.0 
Provision for fly ash............. Note H None None None 


Average rating, per cent.......... 255.0 112.00 126.5 106.9 
Average efficiency, per cent....... 72.0 76.60 66.0 75.8 


@ Plant equipped with horizontal return-tubular boilers. 
6 Plant equipped with Wicks water-tube boiler. 

© Average steam rate, |b per hr. 

Note E—Wildwood coal used 

Note F—Red-dog coal used. 

Note G—Common slack coal used. 

Note H—Green trap used. 
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Plant B is «quipped with two 212-hp horizontal return-tubular 
boilers set 7 ft 6 in. from the floor to the shell, with 42 in. of 
clearance between the back wall and the end of the drum. It is 
interesting to note on this job that it was installed without any 
provision for handling fly ash other than the usual clean-out door 
in the combustion chamber. This plant, equipped with a draft 
regulator, is operated at 0.07 in. of water over the fire and at an 
average of 112 per cent rating. Precipitation of fly ash has been 
noticeably absent. The plant operates for from six to nine 
weeks and is shut down for general cleaning at which time the fly 
ash is removed from the combustion chamber. Of further inter- 
est in this test is the low heat release, the high average COs, and 
combined furnace conditions. 

Plant C is equipped with a 150-hp horizontal return-tubular 
boiler set 5 ft 5 in. from the floor to the shell. It is located near 
the river and, due to water conditions, it was impossible to pit in 
order to obtain additional furnace volume; therefore, the unit 
was installed at floor level. It is interesting to note the sacrifice 
of 10 per cent in efficiency on this boiler as compared to the 
boilers in plant B, regardless of the fact that both plants operate 
at approximately the same rating and burn approximately the 
same type of coal. The unit in plant A was installed without 
provision for handling of fly ash, the precipitation of which is 
very great. It is also necessary for the fireman to remove from 
five to ten wheelbarrow loads of fly ash from the combustion 
chamber behind the bridge wall every 8hr. Since the plant is lo- 
cated out of the city where fly ash is not objectionable, there is 
a considerable saving to the customer in using the stoker, even at 
an efficiency of 66 per cent, because the efficiency prior to the 
installation of the stoker, that is during hand-fired operation, was 
only 52 per cent. 

Plant D, located in a distillery, is equipped with four 250-hp 
Wicks vertical water-tube boilers, and is a typical application of 
spreader stokers. The plant had previously been fired by hand 
with coal which cost $2.50 per ton. With spreader stokers it 
became possible to use a coal costing $1.78 per ton and to burn this 
coal with a much higher efficiency than when hand-fired with 
better coal. A test previous to the installation of spreader 
stokers during hand-fired operation showed an efficiency of 58 
per cent with a cost of 15 cents per 1000 lb of steam from and at 
212 per cent F. With the spreader stoker, the efficiency was in- 
creased to 75.8 per cent and steam cost was reduced to 0.089 cents 
per 1000 lb of steam. 

The tests on plants A, B, C, and D reported in Table 1 were 
taken at random from possibly 60 plants using spreader stokers 
in the Pittsburgh District. Our experience covers coals having 
from 8 to 18 per cent ash and a fusion temperature of from 2100 
to 2700 F. In all of our operations clinkers have been noticeably 
absent and the ash has been granular and very free from carbon. 
Our experience indicates that almost any desired CO, can be 
carried and that the limitation in this regard is the ability of the 
furnace to withstand the temperature rather than the ability of 
the stoker to develop readily and continuously high COs. 

Water-cooled furnaces and air-cooled walls are distinctly in- 
dicated for high heat release; however, the company with which 
the writer is associated has designed solid-wall installations 
operating at continuous heat releases of from 45,000 to 55,000 
Btu per cu ft of furnace volume and peak heat releases from 
55,000 to 65,000 Btu per cu ft of furnace volume with no undue 
furnace maintenance. 

The shallow fuel bed requires only low static air pressures (less 
than 1 in. of water) which reduces auxiliary power to less than 4 
kwhr per ton of coal burned. This is only slightly above one 
half of that required for underfeed fuel beds and about one fourth 
of that required for pulverized coal. The oldest installations 
designed by the company with which the writer is associated: have 


only been in operation about two years, so we have no positive 
facts on maintenance, but present indications are that this figure 
will be low. We have not installed any fly-ash traps, but have 
used some ejectors to drain low-velocity chambers back to the 
furnace. Low velocities and regular cleaning will abate fly ash 
satisfactorily. Smoke is a function of furnace design, tempera- 
ture, and turbulence. If these items are properly considered when 
the installations are made, smokelessness will be obtained if 
proper care is taken in operation. 

In the Pittsburgh District spreader stokers fill a definite 
economic position for the coal industry and for the coal consumer. 


E. Winuotr.? Stokers of the spreader type are not new, but 
the application of the spreader principle to stokers that are now 
installed under boilers of various kinds and sizes, and burning 
coal from practically all fields, is a development that has taken 
place very recently. Therefore, it is obvious that the experience 
available is quite limited in regard to the life of spreader-type 
stokers, their brickwork, boiler setting, and numerous other 
details. There will naturally be many statements made which 
may appear conflicting, which may be due to the different appli- 
cations, various kinds of fuel, and local conditions. What will 
be stated in this discussion by the writer are experiences gained 
through the last 2'/, years with installation and operation of 
spreader stokers in seven different plants with a total of ten 
stokers located from Syracuse, N. Y., to Omaha, Neb., and from 
Horicon, Wis., to Ottumwa, Iowa, burning coal ranging from 
Oklahoma to West Virginia with calorific values from 10,000 to 
14,000 Btu per lb. , 

The natural question is: “Why do spreader stokers replace 
other stokers of various makes in old installations and why are 
spreader stokers selected for so many new installations?” The 
answer is found in the results obtained and advantages offered 
above those of other stokers, which may be listed as follows: 
(1) It lends itself readily to most boilers; (2) it can be fired-up 
quickly; (3) it responds instantly to fluctuating loads; (4) it 
can be shut down in a few minutes; (5) it will burn efficiently 
a wide variety of coal; (6) it can be fired by hand in case of 
power failure; (7) it can be automatically controlled by simple 
means; and (8) its operation is easily taught to firemen without 
previous experience. 

The next questions that come up are: (1) How will this stoker 
stand up? (2) What effect has it on the brickwork in the fur- 
nace? (3) How about fly ash? The answers to these three 
questions are given in the following three paragraphs. 

1 We do not know yet how long this stoker will last, but so far 
(2'/, years) the stokers have practically operated without any 
maintenance except a V-belt, chain, or spinner replacement. 

2 In regard to the brickwork in the furnace, it depends en- 
tirely on the brick, the coal, the furnace volume, and the draft. 
One boiler has burned out a brick lining in six weeks, another in 
six months, and some boilers are expected to get three years or 
more on a brick lining. By tests, we gradually find the brick 
best suited to the coal burned and local conditions. Furnace 
volume ranges from 1 cu ft to 2.5 cu ft per rated boiler hp. Set- 
ting heights are 8 ft to 14 ft from floor to boiler header, or from 7 
ft to 12 ft from the grate to the tube line. We have found no 
difficulty in developing 15 hp per sq ft of grate area. 

3 It is obvious that there must be fly ash, because only the 
clinkers are removed when cleaning fires; the finer particles 
travel through the boiler and deposit in the rear chamber of the 
breeching or the base of the smoke stack. There is no objection 
to fly ash as long as it does not leave the stack and become a nui- 
sance to the surrounding communities. True, it must be removed 


8’ Supervising Power Engineer, Deere & Company, Moline, Ill. 
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from the boiler at intervals in accordance with its accumulation, 
but that can be accomplished without taking the boiler out of 
service. The unburned carbon in the fly ash depends on coal 
and operation. Our check on fine West Virginia coal indicates 
that it does not exceed 2 per cent of the heating value of the coal; 
whether it is worth saving is questionable. 

Now, what results are being obtained and how? First, all of 
our installations except one are two-boiler plants; one boiler is 
in operation and carries all the load on the plant; the other 
boiler is a spare. The boilers are water-tube B. & W. or Spring- 
field units with capacities ranging from 323 to 360 boiler hp, 
being operated from rating to double-rating. In the winter, 
most of the plants operate 24 hr per day while in the summer some 
boilers are on 16- to 24-hr schedules. Others are operated from 
6 a.m. to 4 p.m.; thus, they are fired-up every morning and 
shut off every evening. Boilers are carrying their full load even 
while fires are being cleaned; this can be accomplished by hand 
cleaning in less than 1 min per side and without losing any more 
than 2 to 5 lb of steam pressure. 

With the stoker shut off 5 min before the end of the working 
day, the valves are shut on the boiler and the fireman is ready to 
go home within 30 min. Coming to work in the morning 1 hr 
before the factory starts, he can clean the grates, get the fire 
going, and have full steam up 15 min before the whistle blows; 
all of which is done without using any coal or pumping any water 
on the boiler during the night, a performance that is hard to 
parallel with any other type of stoker. Monthly evaporations 
with the coals previously mentioned and with boilers operated as 
described range from 7 to 10 lb from and at 212 F. The con- 
tinuous operation naturally shows better results than the summer 
schedule. 

The spreader-type stokers can be operated without any ap- 
preciable smoke. On the other hand, if they are not properly 
controlled, they can emit a very black smoke. During the 
period when fires are cleaned, it is a general practice to increase 
the coal feed on the one side while the other side of the grate is 
being cleaned. If this is not done with some judgment, there 
will be objectionable smoke during the cleaning periods. 

The spreader-type stokers have considerable field of application 
and each job may be adapted to the fuel as well as load and other 
local conditions. 

Before deciding on this type of stoker, it is generally the best 
thing to visit other plants and see what they are doing, after 
which the proper deductions can be made and an installation 
decided on. It should be mentioned before closing that there are 
certain installations where there are wood shavings from the 
woodshop; these are being supplied to the boiler through the cy- 
clone and burned preferably on one side (half) of the stoker. 


Frank A. CHamMBers.‘ The spreader-type stoker has been 
gaining in common use during recent years because of its inherent 
ability to burn low-priced, high-ash, high-sulphur coal of low ash- 
fusion temperature. This advantage is counterbalanced by the 
fact that most other types of stokers are less troublesome from 
the standpoint of smoke and excessive fly-ash discharge. The 
Chicago Dept. of Smoke Inspection has had more trouble with this 
type of equipment than with any other type (when one compares 
the number of complaints with the number of such installations). 
However, this disadvantage can be corrected by proper installa- 
tion and careful operation. 

The weakness of the spreader-type stoker lies in the very thin 
fuel bed carried. At the best, but a few minutes supply of coal 
is carried on the grate at any given instant. Wide fluctuations 
in load result in this fuel bed burning out and subsequent re- 
duction in furnace temperature followed by smoke when the load 


* Deputy Smoke Inspector in Charge, Chicago, III. 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1938 


picks up. The thin fuel bed carried aggravates the harm done 
by poor distribution of fuel by the spreading mechanism. Smoke 
and low CO, will be produced if such a condition occurs. Such 
was the case in many of the early single-hopper natural-draft 
stokers. Thus, from a theoretical standpoint, the spreader-ty pe 
stoker was weak in two of the four essentials of complete com- 
bustion, i.e., temperature and mixture. No unusual problems 
have been produced from ability to meet the other essentials, 
ie., sufficient air and time to complete combustion. Proper 
design of equipment and careful operation will overcome these 
theoretical arguments against this type of equipment. 

The Department of Smoke Inspection of Chicago has found 
that multiple-hopper installations and divided ashpits or wind 
boxes have given greater flexibility in meeting wider fluctuations 
in coal-burning rate. Practically every natural-draft single- 
hopper spreader stoker in Chicago has caused considerable smoke 
trouble. 

In cleaning fires, divided wind boxes, and stokers with multiple 
hoppers have a great advantage in stopping smoke. One section 
of the grate may be allowed to burn down by cutting off the coal 
feed and the air supply, while the rest of the grate has an active 
fire and the furnace temperature is maintained. 

In one twin-hopper spreader-type stoker in Chicago, where the 
load at times was unusually light, the department was able to 
abate a bad smoke nuisance by recommending a divided wind 
box and a dividing baffle wall over the grates. This latter wall 
made, in effect, two furnaces under one boiler. It extended to a 
point 1 ft below the heating surface. One hopper could be used 
at light loads and the dividing brick wall served to maintain 
temperature and keep the coal ignited and burning smokelessly. 

As stated in the introductory paragraph, the principal advan- 
tage of the spreader-type stoker is the fact that high-ash coal can 
be burned. However, just as the author points out, this requires 
more frequent cleaning of fires. 

A Chicago plant equipped with a forced-draft spreader-type 
stoker was recently found smoking at very frequent intervals 
during the day. Upon investigation by the Smoke Department 
engineer, it was found that the fires were being cleaned every 2 
hours due to the burning of a coal that ran about 20 per cent in 
ash. Each time the fires were cleaned, care was taken and less 
than 6 minutes of smoke was made; yet, in 8 hours, the total 
amount of smoke was very much greater than many hand-fired 
boilers that cleaned fires but once a day and made short puffs of 
dense smoke on firing. The former plant was technically operat- 
ing within the smoke ordinance while the latter plants were classed 
as violators. Fortunately, this condition was soon eliminated 
by the strenuous complaints of the engineer and fireman to their 
employer, protesting over the excessive labor involved in the fre- 
quent fire-cleaning periods. A coal with a lower percentage of 
ash was provided. Consideratibn is now being given to modifica- 
tion of Chicago’s smoke ordinance to prevent excessive smoke 
emission that a literal interpretation of its present smoke ordi- 
nance condones. 

Chicago was at first skeptical of the ability of the spreader- 
type stoker to function smokelessly under a vertically baffled 
boiler. Its engineers, however, have found that such installations 
make no more smoke than horizontally baffled units, provided 
sufficient volume is allowed for, in the design of the furnace. 

One of the worst installations made was an attempt to equip a 
low-pressure water-jacketed firebox boiler with a forced-draft 
spreader stoker. This plant smoked continuously due to low fur- 
nace temperature and short flame travel. The owners of the build- 
ing in which this stoker was installed became so disgusted with its 
inability to function economically and smokelessly that they 
ordered the stoker removed. 

Water-cooled walls will serve to cool off the furnace and their 
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installation should be carefully considered. They serve well 
when high ratings are carried continuously. In those jobs, 
however, where the load at times becomes very light, water- 
cooled walls will serve to reduce the furnace temperature to a 
point where poor ignition occurs and smoke will result. 

As the author points out, fly ash is an important problem with 
this type of stoker. Numerous complaints have been received 
against plants equipped with this type of stoker from near-by 
neighborswho complain of fly ash and coke descending upon their 
property. This discharge of fly ash can be corrected by proper 
design and suitable fuel. In boilers where the travel of gases 
from the grate is horizontal, the smoke department insists on 
a combustion chamber (which should more properiy be called a 
settling chamber) whose vertical cross section is sufficient to re- 
duce the gas velocity to one half that of the gases leaving the 
grate. The department requires a minimum depth of 5 ft for 
black-ash chambers in vertically baffled boilers, encouraging 
greater depths wherever possible. On bent-tube boilers, hoppers 
or settling chambers are required at the base of the last pass. 
The department favors automatic fly-ash ejectors for these 
chambers and hoppers to permit frequent cleaning while the 
boiler is in operation. 

Settling chambers in the breeching are demanded in those 
installations which prove troublesome in fly-ash discharge. 
Simple baffle arrangements or a cyclone design have been found 
very effective in reducing fly-ash emission from the stack. One 
plant has a hopper located just below a sharp right-angle turn in 
the breeching. The breeching slopes down toward this bend 
and is 50 per cent greater in cross section at the bend than at the 
uptake. Although there are no baffles in the breeching, con- 
siderable fly ash is collected by this arrangement. 

The department insists that there be no openings or leaks at 
the base of the stack below the point where the breeching enters 
the stack. Several installations have been made of barometric 
and manually operated draft regulators in stacks below the 
breeching level. It was found that the fly ash did not settle 
down into the base of the stack because of the current of air 
pulled in below the entrance of flue gases. Owners of these plants 
had to seal up these openings to prevent excessive ash discharge. 
Similar trouble has been encountered in the practice of some lazy 
engineers cleaning the base of their smoke stacks by opening the 
clean-out door at the base of the stack and stirring the ash so that 
it is pulled out of the stack. This method of ash cleaning is 
severely condemned and will not be tolerated in Chicago. Other 
engineers use this door as a ventilating device for the boiler room. 
Such practice is not permitted. 

Flue passages and settling chambers should be kept free of 
fly ash by frequent cleaning periods or else the space will become 
restricted and an increasing rate of fly-ash discharge will occur. 

Reduction in ash emission has been secured by the use of pre- 
pared sized coal. With the removal of the dust in the coal, 
there are no fine particles thrown into suspension in the furnace 
and carried through the various boiler passes. 

Overfire air is required on all spreader-type-stoker installa- 
tions. Crossfire steam-air jets have proved very effective in 
eliminating smoke and fly ash. The jets should be laid out as 
close to the grate as possible without affecting the distribution of 
coal by the stoker. 

The department has adopted no separate standard for furnace 
volume of spreader-type stokers. At present such equipment 
is grouped with surface burning equipment and a furnace volume 
of 1 cu ft for each developed horsepower (or a heat release of 
50,000 Btu per hour per cu ft) is demanded. However, as part 
of the coal is burned in suspension, and the stoker thus functions 
partly in the same manner that a pulverized-coal-burning in- 
Stallation does, it has been felt that such a standard should be 


adopted as to require greater furnace volume (approaching 
that required on pulverized-coal jobs of 3 cu ft per hp developed 
or a heat release of 17,000 Btu per hour per cu ft). It is hoped 
that information will be developed in the discussion of this paper 
which will prove helpful in the formulating of standards of fur- 
nace volume for spreader-type stokers. 

Thus far there have been approximately 45 spreader-type 
stokers installed in Chicago. These serve boilers whose ratings 
vary from 40 to 1000 boiler hp. 


C. C. Witcox.' The author has stated the operating charac- 
teristics and application of the spreader stoker very clearly and 
while this type of fuel-burning equipment is by no means a pana- 
cea for combustion difficulties it does have some very desirable 
features and definite applications. It is to be hoped that these 
will be still further perfected and present limitations be removed 
through the operating experience gained as the number of instal- 
lations increases. 

The writer wishes to comment on the operation of a spreader- 
stoker installation with which he is familiar and which has been in 
operation a little over three years. This installation consists of 
three 300-hp bent-tube three-drum boilers with straight refrac- 
tory walls, with one row of ventilated carborundum blocks next 
to the grate line on both sides and rear. The furnace volume is 
1056 cu ft, the furnace width is 7 ft, and the grate area 65 sq ft. 
The stoker is divided into two zones, each with a separate ashpit, 
rotary coal feed, and power dump. Dual drive is effected by a 
motor on one end of a drive shaft and a steam turbine on the 
other. Each of the three boiler units has its own fan and 
stoker drive, but a master combustion control, responsive to 
steam pressure and air-actuated, positions a lay shaft to which 
is attached the control levers for coal feed, vortex fan damper 
and uptake damper. 

The fans are turbine-driven and were originally controlled by 
speed-regulation valves in the steam lines. This arrangement 
gave disproportionate functioning at certain parts of the range 
and the vortex damper was substituted for the throttle control 
which seems to have solved that part of the problem. 

A sufficient length of time has elapsed to afford a fair picture of 
the behavior of various coals on this type of stoker, and in this 
regard it has been found feasible to burn almost any grade of coal 
available although, of course, with some change in steam cost. 
Indiana fifth-vein coal has shown the lowest steam-fuel cost 
although not the lowest total cost including the incidental ex- 
pense of maintenance and attendance. At present the most 
favorable over-all cost is obtained with southern Illinois coal. 
The boiler meters are set for 11 per cent CO, and the ash-pit 
blast pressure varies from 0.2 in. to 5 in. of water, while the depth 
of fuel bed varies from 2 in. immediately after dumping to 6 in. 
just before dumping. Approximately 0.05 in. of draft is held in 
the furnace. The normal load is only about 125 per cent rating 
although 160 per cent can be carried continuously. 

Coal having a high moisture content of between 12 and 15 
per cent gives some trouble in the way of proper distribution, 
especially if a high per cent of fines (35 per cent) be present. The 
coal then has a tendency to take a shorter average trajectory with 
resulting increase in the thickness of the fuel bed near the front; 
however, this has not been particularly annoying and has been 
overcome by avoiding the 0 X */,-in. screenings and using 1'/,-in. 
grade. 

The process of combustion naturally partakes of the nature 
of pulverized-coal firing, especially with the higher percentage of 
fines in the fuel. In this case, tube slagging is more noticeable 
and the temperature of gases entering the tube bank is higher 
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with resultant damage to the No. 1 soot-blower element. While 
the damage has not been excessive it has been noticeable and has 
apparently been eliminated by the use of a Dialloy element in 
that location. Therefore, with a coal high in fines, we find the 
fuel bed on the grate thinner and the point of highest furnace 
temperature shifted upward toward the tube bank. 

A corollary to the condition just described is an increase in 
combustible flue dust carried through the passes. During the 
months of October and November, 1936, 1090 tons of southern 
Indiana coal were burned (Buckskin 1'/,-in. screenings) during 
which period, 7000 lb of flue dust were removed from the dust 
hopper under the mud drum. This represents a loss of less than 
0.33 per cent of the coal or about $4 per month. This dust is 
manually drawn from the hopper into a 50-gal drum and wheeled 
to the ash dump, about one drum per day being handled in this 
manner. The value of this dust as a fuel (although it contains 
85 per cent carbon) is so low and the present labor of removing it 
so low that no equipment has been installed to take care of it, 
although provision was made to deliver this dust by steam-jet 
conveyer from the hopper directly through the bridge wall to the 
furnace in case it should be desired. 

During December, 1936, 660 tons of Buckskin 11/4 X 3/¢in. 
coal was burned and removed, 1800 lb of flue dust was removed or 
about 0.143 per cent of the coal fired, indicating that the less the 
fines in the coal the larger is the percentage of coal burned on the 
grate and the smaller is the percentage burned in suspension and 
carried over. In January, 1937, 732 tons were burned which 
consisted of a considerable part of so called ‘‘pickings” high in 
fines when 4300 Ib of dust were removed. In February and 
March, 1937, 1362 tons of southern IllinoisO X 1'/:-in. screenings 
were burned and 15,200 lb of dust removed, or a little over 0.5 
per cent of the coal burned. This represents a loss of about $12 
per month during winter months and would probably justify 
reclaiming equipment. 

The author mentions the desirability of having a gas travel 
parallel to the grate surface in order to obtain best results. The 
writer’s observations verify this statement. When first installed 
it was impossible to get high CO, on the installation described 
in this discussion without smoke when burning Indiana coal, and 
a study of conditions existing in the furnace revealed that the 
large number of comparatively lazy pencil-like flames rising from 
the fuel bed were not at any time sufficiently agitated or broken 
up to give the necessary turbulence and mixing for good combus- 
tion. To overcome this, two steam-driven air jets were installed 
near the front corners of each furnace directed diagonally back- 
ward toward the bridge wall, arranged to pull some air in from the 
outside and to combine this with a larger amount of hot recircu- 
lated furnace gases. This stream of air and gas intersecting the 
natural path of the flame rising from the grate served to effect 
complete combustion. Virtually the same effect is now being 
obtained in the newer stokers by high-velocity air admitted at 
the rotor, and in either case turbulence is effected by a cross 
current of gases intersecting the path of flame. As the author 
points out this explains the peculiar adaptability of this type of 
firing to the horizontal return-tubular boiler. 

The air jets referred to, however, are not without their draw- 
backs, because if directed toward a hot wall a build-up of ad- 
herent ash may result. With low-fusion-ash coal this occurs in 
the plant described and it is necessary occasionally to slice this 
off by access through the rear door. . While this procedure is not 
particularly annoying it would be eliminated in a furnace having 
a sufficiently high y factor or cold fraction to reduce the tempera- 
ture below the fusion temperature of the ash at that point. The 
present normal heat release approximates 25,000 Btu per cu ft 
per hr, and has repeatedly reached 35,000 for periods of 2 to 4 
hr. The projected cold area in the furnace envelope is 105 sq ft. 
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There are 114 sq ft of refractory in each side wall, 86 sq ft in the 
bridge wall, and 91 sq ft in the front wall giving a cold fraction of 
0.273. 

Refractory maintenance has been confined to the lower 3 ft of 
the side walls (particularly toward the rear) and the lower part 
of the bridge wall. Plastic refractory has been used for current 
repair, but now after three years of operation this part of the wall 
is being relaid, and due to the necessity of removing adherent ash 
from the lower part of the bridge wall the carborundum blocks 
in the bridge wall have suffered mechanical injury and need re- 
placing. As stated, a single row of carborundum blocks were 
laid at the grate line. This has been quite effective in resisting 
slag action and erosion by hot gases, and the performance of the 
wall would apparently have been increased had this construction 
been carried up to the 3-ft level. With the exception of the 
mechanical injury noted the carborundum is still in good condi- 
tion. 

Stoker maintenance has been very satisfactory. In the three 
years of operation there has been no replacement of any stoker 
part due to action of the fire, and to all appearances the grates 
have an indefinite life. Certain rotating parts have been re- 
placed due to mechanical wear caused by faulty lubrication, and 
the cast-iron dump-operating levers have broken several times 
due to vigorous dumping action caused by needlessly high air 
pressure, but these levers are now made of steel and no further 
trouble from this source seems possible. 

The thin fuel bed and the large percentage of fuel burned in 
suspension are responsible for certain operating characteristics 
worthy of mention. As originally installed, the stokers were 
motor-driven for sake of simplicity, but occasional interruption 
to the power supply and the consequent stopping of coal feed 
produced such a sudden and complete reduction in heat release 
that difficulty was experienced in sustaining the load at such 
times. For this reason dual drive of the coal feed by steam tur- 
bine was added and apparently constitutes a complete solution. 
The possibility of quickly reducing the heat release with a mini- 
mum weight of fuel on the grate is a valuable characteristic 
where sudden changes of load are to be met, and the time re- 
quired for this change can be further reduced by increasing the 
furnace cold fraction. In certain processes the large amount of 
heat stored in furnace refractory and partially burned fuel on the 
grate makes it difficult to avoid safety-valve operation even 
though the steaming rate be reduced as much as possible by 
increasing the feedwater supply. With power dump and ade- 
quate ash-quenching facilities the heat release from the fuel can 
be reduced to zero in a matter of seconds if desired, and an in- 
crease in coal feed finds instant response in increased heat release. 
This extreme sensitiveness permits considerable flexibility in 
operation and demands some care in the design of the furnace to 
make the best selection of heat-absorbing surfaces and get the 
most out of this type of firing. 


R. L. Beers. The author has discussed the spreader-type 
stoker very completely; however, there are some points to 
which attention might be brought. This type of stoker will 
handle an extremely wide range of fuels, probably a wider range 
than any other fuel-burning equipment heretofore developed. 
The fuel can be changed without the operator detecting any 
particular difference, except in the ash content. With the very 
thin active fuel bed on top of the ash, coking coals burn without 
coke formation. Low-ash fuels that ordinarily cause high main- 
tenance with other types of stokers can be burned with practically 
no grate replacement, due to the ash insulating the grate from the 
heat of the furnace. 


6 Vice-President in Charge of Engineering, Detroit Stoker Com- 
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In our early development of the RotoStoker, tests were made 
during which the temperature of the grate was taken. It was 
found with a burning rate of about 35 lb of coal per sq ft that, 
immediately after cleaning, the temperature of the grate reached 
approximately 450 F; in 30 min it dropped to 100 F, and gradu- 
ally dropped to 70 F. Grates have been in operation for five 
years and appear practically as good as new. The low tempera- 
ture of the grates makes the stoker well-suited to the use of pre- 
heated air. 

This type of stoker is extremely responsive and flexible. A 
change in the coal feed affects the gas analysis almost immedi- 
ately. Consequently, it is very easy to control the CO, and 
maintain it as high as the furnace design will permit. Instru- 
ments to show the operating conditions and good automatic 
control are desirable for best results. The stoker is capable of 
very high burning rates. This is probably due to the fact that 
the fresh fuel is thrown on top of the hot fuel bed. The hot fire 
is underneath to instantly ignite the incoming fuel. The action 
is just the opposite of an underfeed or chain-grate stoker, where the 
fresh fuel is chilled by the incoming air. We have made tests 
with burning rates well over 100 lb per sq ft of grate. Lignite 
fuels, with a moisture content of 40 per cent are being handled 
without the use of ignition arches, and with exceptionally high 
efficiencies for low-grade fuels. 

The author refers principally to units of 100 to 400 hp; how- 
ever, we have a number of installations under boilers of approxi- 
mately 1000 hp. Power-operated dumps are used, with a separate 
grate section and air chamber for each feeder. With the low 
combustible content of the refuse, with practically a complete 
absence of clinker, the grate can be cleaned in a few minutes 
without any noticeable loss in steam pressure. 

In the RotoStoker an overthrow feeder is used. During the 
development stage, tests on experimental units on both the under- 
throw and the overthrow design showed that the overthrow 
design gave more uniform distribution of fuel on the grates, 
eliminated the fine coal piling up at the front end, and permitted 
uniform distribution over longer grates. For minimizing smoke 
and obtaining high CO, it is important to have uniform distribu- 
tion of coal as well as uniform distribution of air throughout the 
grates. This type of stoker has its advantages; it also has some 
disadvantages that require study to offset. It is more sensitive 
to smoke than an underfeed stoker, due to the fuel being burned 
practically as fast as it is fed into the furnace. Misadjustments 
of the controls can quickly cause smoke, the same as with oil or 
pulverized-fuel firing. There is also a tendency with high 
burning rates and limited combustion space for cinders. 
However, the stoker permits considerable overfire air, which, 
with turbulence, makes it possible to reduce the length of flame 
and, with ample combustion space, to have smokeless operation. 
The turbulence also reduces cinders. It is essential to give 
considerable study to the design of the furnace, to have ample 
combustion space, and sufficient black surface to keep the furnace 
temperature below the slagging point of the fly ash. On many 
installations with certain types of fuels, there are no notice- 
able cinders. The cinders are fairly heavy and easy to sepa- 
rate as compared to fly ash. They can be separated effec- 
tively by a cinder trap or a cinder-separating induced-draft 
fan. Usually provision in the setting can be made for separating 
most of the cinders. Furthermore, they will readily burn when 
returned to the furnace. With effective separation and return 
to the furnace, there will be practically no carbon loss up the 
stack. , 

A few years ago it was believed generally that there was no heat- 


. ing value in the cinders, and that they would not burn. How- 


ever, our analysis and tests showed that the cinders were worth 
returning and would burn readily. Several installations are in 


operation that are returning the cinders continuously to the 
furnace and reburning them. 

Fuel, which heretofore was a drug on the market, is being 
burned by this type of stoker. Coal-mine refuse and all slack 
coal is being handled. Commercial installations are burning 
1/,-in. and 3/s-in. screenings with a substantial saving in fuel cost. 
In Virginia, high-ash, semianthracite culm, which heretofore had 
no market value, is now being burned. 

The efficiencies obtained on fifteen evaporative tests on differ- 
ent-type boilers and using a wide range of fuels, including lignite, 
Illinois, Indiana, and eastern bituminous, show an average 
efficiency of 76 per cent, ranging from 70 to 72 per cent for lignite 
having a calorific value of 7200 Btu per lb to 81 per cent for coals, 
with a calorific value of 14,000 Btu per lb. These efficiencies 
cover the boiler furnace and stoker only and do not include air 
heaters or economizers. The records of some plants having 
boilers equipped with waterwalls in the furnace, show daily op- 
erating results with efficiencies from 80 to 82 per cent, exclusive 
of air heaters or economizers. 

The spreader stoker is probably at a similar stage as pulverized 
fuel in the early days of its development as a fuel. Problems 
have been encountered and surmounted. With the reliability, 
flexibility and low power requirements, low maintenance cost, 
and ability to burn a very wide range of fuels, the writer believes 
that there is a definite field and interesting possibilities for this 
type of fuel-burning equipment in many plants. 

The use of an air preheater or economizer well justifies the use 
of a cinder-separating induced-draft fan, resulting in an installa- 
tion with very satisfactory over-all economy. 


W. L. Lunpy.’ The spreader-type stoker has some very dis- 
tinct advantages over other types of fuel-burning equipment, but 
like all of the other types it has certain faults which to date have 
not been corrected. 

It will be noted from the paper that the author did not include 
freedom from smoke and fly-ash emission among the inherent 
advantages of the spreader-type stoker. The writer believes 
that the smoke problem can be solved with the proper furnace 
design and overfire air admittance with sufficient turbulence. 
The fly-ash problem inherent with this type stoker, due to the 
burning of coal in suspension and agitation of the fire bed, 
can only be taken care of by dust- and fly-ash-collecting apparatus 
auxiliary to the boiler installation. 

There are two other disadvantages with the spreader-type 
stoker which are more or less inherent. These are the difficulty 
in maintaining a level fuel bed in an installation where segregation 
of coal sizes occurs due to bunker storage or other coal-handling 
methods. As long as this type of stoker is supplied with a fairly 
uniform mixture of coal, or where the range of particle size is 
narrow no serious difficulty with distribution on the grate occurs. 
Many installations use 0 X ?/;-in. and 0 X !/,-in. screenings or a 
small-sized nut coal very successfully. In these cases the differ- 
ence in size between the coal particles is small. Where */,-in. 
to 0 X 2-in. screenings are used, difficulty is experienced unless 
care is taken to avoid segregation. This has not been so apparent 
to date due to the fact that many of the installations of this type 
stoker have been under small and medium-sized boilers in plants 
where the coal is shoveled into the stoker hopper and the fireman 
has an opportunity to select the proper mixture of fine and coarse 
sizes. 

The multiple-retort stoker and pulverizers will handle segre- 
gated sizes much more successfully than will either the spreader- 
type or single-retort stokers. 

Another disadvantage with the spreader-type stoker is the 
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difficulties encountered in using waste fuel such as hogged wood 
or sawdust in conjunction with coal. Unless the furnace design 
is properly made in a plant using eastern or southern coal, serious 
difficulties are encountered due to clinkering of the ash and ad- 
herence to the grates. The wood ash, which in itself has a com- 
paratively high fusion temperature, will when mixed with the ash 
from a coal of medium or high ash-fusion temperature cause the 
mixture to fuse at temperatures up to 500 F under the ash- 
fusion temperature of the coal. Under certain conditions this 
difficulty is more serious with the spreader-type stoker than with 
the other types. 

In the concluding paragraph of the paper the author states: 
“It has successfully replaced a number ef both single- and multi- 
ple-retort underfeed stokers in various plants and also some chain- 
grate stokers.” In another part of the paper he states: “As a 
general statement, the spreader stoker will show on test about 
the same over-all boiler efficiency as an underfeed stoker with the 
exception of the carbon loss in the fly ash.” The average of all 
the tests reported, in which the heat balance is reported, shows a 
total loss of 11.6 per cent for items e, f, and g. If we assume 3.6 
per cent of 11.6 per cent as an average figure for item g to cover 
unconsumed hydrogen, hydrocarbons, and unaccounted-for this 
would leave 8.0 per cent for combustible in the refuse and fly ash. 
It seems to the writer that this is quite a serious indictment 
against the spreader-type stoker as a general statement, and 
while the particular plant may have eliminated some operating 
difficulties by installing the spreader-type stoker, there is some 
question as to whether or not the efficiency as well as elimination 
of difficulties could not have been accomplished by a new installa- 
tion of a different-type stoker. 

It is noted that the cheapest West Kentucky slack having 
about 15 per cent ash was used at a plant on the Indian reserva- 
tion at Mount Pleasant, Mich. How can the government justify 
the use of this coal with the comparatively high freight rate into 
Mount Pleasant, Mich., as compared with higher-grade coals at 
comparable delivered costs? This may appear to be outside the 
question of stokers, but the availability of various coals does 
influence the selection of stokers. 

The selection of the proper type of fuel-burning equipment 
depends upon many factors such as type of plant load, load factor, 
price and availability of various coals, present status of the heat- 
absorbing equipment, installation cost, stoker cost, and plant 
location. Unfortunately, the spreader-type stokers, as well as the 
other types of stokers and pulverizers, have been improperly 
installed in too great a number of cases. Too little thought has 
been given to a careful analysis of all of the factors which should 
govern the selection of the type of fuel-burning equipment which 
will give the lowest ultimate cost and most satisfaction to the 
owner. 

It is the writer’s opinion that the primary cause of the misfits 
which we find, falls directly upon the manufacturers and their 
representatives. The prospective purchaser is led to believe 
that he is being offered the ultimate in fuel-burning equipment; 
he will have no difficulties with the equipment; it will burn the 
cheapest coal; it will not be necessary for him to change 
the furnace design; he doesn’t need a new chimney; the fly-ash 
problem has been solved; and he will not need to install dust 
collectors. As a matter of fact, in many cases some things are 
necessary to be done in order to give the greatest possible return 
on the investment, and complete satisfaction with the new in- 
stallation. 

If fuel-burning equipment salesmen or sales engineers would 
put half as much thought on the engineering as they now do on 
sales, there would be more stokers or pulverizers sold than are 
now sold and better installations would be made, giving the 
owner more satisfaction and greater savings in fuel, because an 
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improper or unsatisfactory installation is the worst kind of ad- 
vertising for the particular equipment manufacturer, and is a 
general detriment to the replacement of obsolete fuel-burning 
equipment. 


J. A. Horrman.* The enthusiastic acceptance and repeat 
business, to a very great extent reflects the success of the spreader 
stoker. It means that efficient and economical operation has 
been accomplished. 

The introduction of this system of combustion was by no 
means easy as it was found that preconceived ideas hindered 
sales, principally due to the fact that, on first inspection, the 
system was likened to previous attempts at replacing hand firing, 
which method of throwing coal mechanically into a furnace was 
recognized as having distinct limitations, particularly with 
regard to high capacities and efficient operation. This situation 
occurred in the Middle West where a few of these coal feeders had 
been used; however, after demonstrating successfully the intent 
of the design it was readily accepted that the system was more 
than a coal-feeding means. 

The successful spreader-type stoker has proved itself capable 
of burning any grade of coal, regardless of characteristics as to 
percentages of volatile, fixed carbon or sulphur, or low ash-fusing 
point, and of accomplishing this burning at high ratings and low 
maintenance costs. 

With this system it is extremely important for efficient opera- 
tion to complete combustion close to the tuyére surface before the 
gases enter the tube bank because secondary combustion through 
the various passes must be guarded against. This is accomplished 
by properly introducing the air in such a manner as to produce 
turbulence through the fuel bed uniformly, which means that 
proper tuyére design is of utmost importance if this essential 
effect is to be created. The coal and air supply must be so pro- 
portioned that never over a 4-min fuel supply is in the process of 
combustion at any one time when burning a high-volatile coal; 
however, this time element will change slightly, depending upon 
the type of fuel to be burned. If the system is properly propor- 
tioned, a very satisfactory operation for loads ranging from 
minimum to maximum will be experienced. 

It is essential that a uniform fuel pattern be maintained on the 
stoker grate to prevent clinkers forming in the areas where 
greater fuel and ash thicknesses exist, thus shutting off the proper 
air supply and the required turbulence. The proper design of 
the fuel-feeding mechanism is therefore essential and must 
be such that under all load conditions a uniform spread must be 
accomplished regardless of the fuel size. One of the chief 
difficulties encountered at high ratings under balanced-draft 
conditions was the protection of the machines from the heat of 
radiation, conduction, and convection so as to prevent distortion 
of parts and lubrication failure. This problem has been effectively 
solved by a number of patented features incorporated in the 
design. 

It is an accepted fact that to approach the ideal with any type 
of stoker, a uniform fuel bed is essential as well as uniform dis- 
tribution of air through the fuel bed. It is also well known that 
it is difficult to maintain this condition, due to such factors as 
varying moisture contents of fuel, fuel sizes, imperfect mechanical 
action, coking, and clinkering; these will cause paths of lesser 
resistance to the air, resulting in blowholes in various parts of 
the fuel bed. It is for this reason that zoned areas under the 
tuyéres, automatically controlled to compensate for varying 
fuel-bed resistance have been adopted in’some cases and have 
shown a marked increase in efficiency and capacity. It can be 
readily understood, therefore, that a systém so designed as to 
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insure uniform, turbulent-air introduction through the tuyéres 
without the assistance of fuel-bed resistance and to uniformly 
spread fuel over the entire tuyére area closely approximates ideal 
conditions, thus approximating test conditions over long operat- 
ing periods. 

When to this accomplishment is added the fact that every 
type of fuel mined in the United States is being successfully 
burned at high ratings without clinkering difficulties or tube 
slagging, and with maintenance cost averaging only a fraction of 
a cent per ton of coal fired, there is little wonder why the spreader 
stoker has become such a prominent unit of coal-burning equip- 
ment. 

The time allotted is too brief to enlarge upon the full economic 
benefits obtained by uniform heat release over the entire tuyére 
area, the total lack of stratification, the economies due to ability 
to burn contiguous fuels, and the low power requirement for 
operating the equipment, as well as a discussion of sizes, capaci- 
ties, and adaptability to special applications. 


C. M. Giupert.’ The writer’s experience with spreader-type 
stokers began in 1933 at the plant of the Muessel Brewing Com- 
pany, now Drewrys Limited, South Bend, Ind. Four Firite 
stokers were installed in this plant under two 250-hp Heine boilers, 
and southern Indiana coal mined in the Clinton District was the 
fuel used. This coal has a heating value of about 12,000 Btu 
per lb and ash content of 9.70 per cent with a fusion temperature 
of around 2200 F. The results obtained with this coal in con- 
nection with these stokers was very satisfactory, the boilers 
responding quickly to demands for steam. The ash from the 
furnaces showed that complete combustion had taken place. 

At one time, a trial car of coal having a considerably lower 
fusion temperature was tried out, but proved unsatisfactory 
because of excessive clinkering. The writer does not believe that 
clinkering with ash of low fusion temperatures is typical of the 
stokers referred to, particularly where the primary air is so ad- 
justed by the operators as to maintain suitable turbulence in the 
loose ash accumulated on the stoker grates. Clinkering can take 
place regardless of the type of coal used, provided this turbulence 
is not present due to maintaining too low an air pressure under 
the grates or having too much overfire air present. 

The writer took charge of the power plant at the Pfeiffer Brew- 
ing Company, Detroit, Mich., in 1935, which at that time was 
equipped with one 500-hp Badenhausen and one 300-hp horizon- 
tal return-tubular boiler; the latter was replaced in 1936 by a four- 
drum 500-hp Stirling type boiler. The Badenhausen boiler was 
fired by three Firite spreader stokers and the horizontal return- 
tubular boiler was fired by two Firite spreader stokers. When 
the Stirling boiler was installed, the two stokers from the re- 
placed boiler were used. These stokers and grates had been in 
service less than two years and consequently were in first-class 
condition. In this case, the flexibility of this type stoker re- 
sulted in a decided saving in equipping the Stirling boiler since 
it was only necessary to purchase some additional grates and one 
stoker instead of all new grates and three stokers. 

In 1935, the stokers in this plant were equipped with stop-and- 
start controls which stopped the stokers when the steam pressure 
reached the maximum for which the control was set, and started 
them again when the steam pressure dropped to the minimum 
allowed. With this arrangement it was impossible for the oper- 
ators to maintain a predetermined air-fuel ratio under fluctuating 
load conditions, partly because of the remote location of the fan 
dampers in relation to the front of the boilers. The frequent 
load changes, together with the lack of accessibility of the fan 
dampers and manually controlled stack dampers, created a 
condition where the average fireman could not be expected to 
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maintain a clear stack at all times. Therefore, when operating 
under these conditions numerous complaints about smoke were 
received. 

To overcome this smoke nuisance, both boilers were equipped 
with motor-driven damper controls while the stokers were fitted 
with full-floating automatic hydraulic control. Therefore, the 
stokers are in continuous operation with the amount of fuel feed 
to the furnace controlled by hydraulic-pressure-operating pistons 
in small cylinders which in turn operate a tapered wedge that feeds 
a greater or lesser amount of fuel as demanded by the change in 
steam pressure on the boiler. When this apparatus was placed 
in operation, a marked improvement was observed in the volume 
of smoke produced. However, due to the low setting of the Bad- 
enhausen boiler, which had been installed 20 years previously, 
considerable smoke was still made when this boiler was forced to 
200 per cent rating for short periods of time. This condition 
could be improved by installing steam-air jets for creating addi- 
tional turbulence in the furnace. 

When the Stirling boiler was installed it was set at a height of 
11 ft from the floor to the center of the mud drum, with the result 
that smoke rarely is emitted from the chimney except when the 
flues are being blown. 

Harlan County, Kentucky, coal of nut, pea, and slack sizes is 
now being used. This coal, according to Black’s directory, has a 
heating value of 14,680 Btu per lb, an ash content of 3 per cent, 
and fusion temperature of 2516 F. This coal has given excellent 
results with the spreader stoker. 

The writer has found the spreader-type stoker to be satisfactory, 
both from the point of high efficiency in operation and low main- 
tenance costs, and has found it especially suited for brewery 
steam requirements which fluctuate rapidly and over a very wide 
range. The spreader-type stoker also appeals to the writer be- 
cause it has no moving parts in the fire, and because it is not ex- 
posed to the fire in any way. 


G. E. Hoover.” Since December, 1936, the Gauley Mountain 
Coal Company of Ansted, W. Va., has been operating two pneu- 
matic-spreader-type stokers, manufactured by the Iron Fireman 
Manufacturing Company, under two B. & W. Stirling boilers, 
class E-22. Each of these boilers is rated at 252 bhp, and they 
supply saturated steam at 140 lb per sq in. gage pressure to engine 
generator sets which carry a mine power load of 500 kw demand, 
on a 15-minute interval basis. Short-period loads may be 50 per 
cent greater. 

Each stoker, rated at 2000 lb of coal per hr, is a dual unit sup- 
plying coal to two spreader nozzles covering an 11-ft-wide com- 
bustion chamber in each boiler. Each spreader nozzle has its own 
conveying air fan and variable-speed coal feeder. 

The boilers were previously hand-fired on shaking grates, the 
coal being fed by gravity from a storage bin through floor-level 
openings to a 12-ft aisle along the front of the boilers. A stoker 
room, connected to the boiler room by a wide opening, was built 
in the lower central portion of the coal-storage bin, using cement- 
block walls and a steel-plate hopper top. Openings were made 
from the boiler room to that part of the bin facing each side of the 
stoker room so that coal would be conveniently available for hand 
firing. 

Fans supplying the undergrate air are located back of the 
boiler settings in openings in the wall between the boiler and en- 
gine room. By means of movable partitions around these open- 
ings, the undergrate air is taken from the engine room during the 
warmer months and from the boiler room in winter. 

No saving in boiler-room labor cost was anticipated as a result 
of the stoker installations. The stokers were installed primarily 


10 Chief Engineer, Gauley Mountain Coal Company, Ansted, 
W. Va. 
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(1) to burn a cheaper fuel of finer size than that required for hand 
firing; (2) to increase the output of the boilers, and (3) to main- 
tain a more uniform steam pressure under fluctuating loads. 

Under hand-firing conditions, a coarse free-burning egg-sized 
coal was required if one man were to perform the boiler-room 
work. For stoker firing it was first planned to use 1'/2-in. slack 
coal, usually costing 40 cents a ton less than egg coal. After experi- 
menting, it was found that */;-in. screenings suited our purpose 
just as well as the coarser coal. Finer coal worked well enough in 
the stoker but could not be produced reliably because of screen 
blinding from damp coal. At the present time we are not able to 
evaluate definitely the saving effected by burning */;-in. slack in- 
stead of 1'/.-in. slack. The analyses of both coals show 36.7 
per cent volatile, 56.16 per cent fixed carbon, 0.81 per cent sulphur; 
however, the */s-in. slack runs 8.62 per cent ash while the 1'/,-in. 
slack runs 7.14 per cent ash. Both coals have a calorific value of 
14,144 Btu per lb and an ash-fusion temperature of 2906 F. 

No difficulty is experienced in feeding or burning sufficient fuel 
to develop 200 per cent rating. However, it has not been found 
practical to carry 200 per cent rating continuously on one boiler 
for more than 3 or 4 hr at a time, because of loss of steaming ca- 
pacity while cleaning fires. We might develop 200 per cent rating 
continuously with both boilers on the line, but we do not have 
sufficient load to test this. 

Pressure regulation is automatic and excellent. 
never pop because of load fluctuations. 

Since starting to use under #/;-in. coal, we have eliminated 
difficulties with tramp iron. The stokers are well-protected 
against damage from this source by both torque clutches and 
shear pins. Means are provided for comparatively quick removal 
of tramp iron fouling the feed worm. 

At normal rating we find the fly ash escaping from the stack 
small in amount and less objectionable than the soot of hand firing. 
Whenever one boiler is used to carry the load, the fly ash in the air 
is very much increased due to much increased rating and conse- 
quent higher velocities. 

Fly-ash accumulation is taken care of inside the boiler setting 
at two different locations: 

1 The first location is in ducts in the bridge wall which bring 
overgrate air up from the undergrate air chamber. These are 
blown out twice a shift by boiler-pressure steam. This is conven- 
iently done by !/s-in. pipe nozzles permanently located in the un- 
dergrate port of each duct, and connected to a 1'/.-in. header 
located just below the ports. Dry steam is turned into the header 
for about a half minute. 

2 The second location where fly ash is trapped is between the 
rear wall of the setting and the mud drum. In each boiler this is 
blown back through the bridge wall on to the grate surface by three 
simple steam-actuated ejectors, spaced on about 42-in. centers, 
made locally of 2-in. pipe and fittings. Steam is carried by '/,-in. 
pipes to */3:-in. orifice nozzles in a 2-in. 45-deg branch-pipe fit- 
ting. The fly ash is removed satisfactorily by turning on the ejec- 
tors for 30 min before cleaning fires. However, due to the ac- 
cumulating ash covering and causing disintegration of the steam 
pipe, the ejectors are operated continuously. 

By the use of steam-jacketed elbows, the tolerance on moisture 
content is rather wide. No actual figures are available and these 
would vary with different coals. Generally speaking, no trouble 
from wet coal should be experienced from commercial shipments. 


The boilers 


H. A. Guover.'!! Experience has demonstrated the fallacy of a 
particular.coal as being most suitable for use in all types of stokers. 
Primarily there is a wide diversity in the quality and physical prop- 
erties of the various sizes of bituminous and semibituminous coal 
produced in this country. _ 

11 Island Creek Coal Sales Company, Cincinnati, Ohio. 
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From the foregoing, it will be readily appreciated it is impossible 
to adopt any rule-of-thumb method for determining the proper 
size coal to be used in stokers. That coal which lends itself to one 
particular installation very frequently, and almost always, will 
not apply to another installation however similar the jobs may be. 
Experience and study has shown that each individual job is a 
problem of itself. While many different coals are burned on 
stokers wide apart geographically the varieties and sizes of vari- 
ous coals are generally limited for each installation. The fore- 
going pertains to stokers generally. 

During the past few years a new type of stoker has come into 
existence, old in principle, but new in refinement, and which is 
gaining widespread attention and recognition. The spreader 
stoker has been the subject of much engineering study, and 
larger and higher types of installations are coming to the fore 
every day. 

Principally because of the simplicity of design and the absence 
of moving or reciprocating parts in the furnace, the spreader 
stoker has several inherent advantages. Possibly aside from fly- 
ash and smoke emission it may be said that this design, compared 
with other types of fuel-burning apparatus, is without an out- 
standing weakness. However, certain objections to the spreader 
stoker can be overcome by the installation of suitable fly-ash-col- 
lecting apparatus and design of the furnace and passages. Where 
heat releases do not exceed 30,000 Btu per cu ft per hour and fur- 
nace temperature does not exceed 2400F, little or no trouble is 
experienced. 

Seemingly, the spreader stoker will handle a wide variety of 
coals and coal sizes. The problem of correct coal selection and 
application is very important as with other types of fuel-burning 
equipment; however, the operator and the producer generally 
have more latitude in this respect than with other types of equip- 
ment. The company with which the writer is associated has, as 
a matter of record, many test data with different coals and coal 
sizes applied to spreader-stoker installations which support this 
contention. 

A case per se refers to a 300-hp Wickes low-head boiler equipped 
with a spreader-type stoker, where various sizes of minus 2-in. 
coal were tested and finally 0 X !/;-in. size coal was adopted as the 
most suitable. The operation of this stoker with the coal tested 
was entirely satisfactory from the standpoint of operation, regu- 
larity of steam pressure, and efficiency; in fact, the guarantee was 
exceeded at the rating carried. No attempt was made during the 
test to determine the rate of emission of fly ash. It can 
be said, from observation, that such fly ash that was emitted from 
the chimney was not objectionable; furthermore, any excess of 
fly ash would be disastrous to this plant and the possible ruina- 
tion of their product. 

In another instance these same results were duplicated on a 
larger installation using a spreader stoker of different manufac- 
ture. Still another case could be cited pertaining to a 600-hp N- 
type union boiler with partially water-cooled walls. With re- 
spect to the installation, design, and auxiliary appurtenances, this 
is possibly the most complete installation of its kind in this locality, 
and has provisions for retrieving and returning fly ash, so there is 
no trouble from this angle whatsoever. Best results were obtained 
on test with a 2-in. nut slack coal. This is interesting because 
they have conducted tests on a wide variety of coals of all sizes and 
different volatilities. Broadly stated, this is a job that can use 
almost any coal of less than 2 in. with a measure of success. The 
writer believes that this unit is running very close to 82 or 83 per 
cent efficiency when operated above 150 per cent rating. 

The importance of selective application of a coal for a given in- 
stallation is best exemplified by the case where a 100-hp return- 
tubular boiler, served by a spreader stoker firing a */,-in. slack 
preparation, was unsuited and the fly-ash emission was objection- 
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able. The best results were obtained by trial and the final selec- 
tion of a 2-in. nut-slack preparation was made. 

Similarly, another application demanded the use of a sized coal 
preparation with all the minus '/,-in. sizes removed. This was a 
revamped ins‘allation of old design, located in the city proper, 
where fly ash was objectionable within and outside the power 
plant. 

A battery of vertical water-tube boilers served by spreader- 
type stokers in a Dutch-oven setting having a water-cooled arch 
was used to experiment with various coals and sizes of coal from 
the Ohio, Illinois, Indiana, and West Virginia fields. From a 
steam-cost standpoint the size best adapted to this job was finally 
determined to be a0 X !/,-in. preparation. Prior to the adop- 
tion of mechanical firing this was a hand-fired installation. The 
combination of mechanical firing and the ability to burn lower- 
price coal, the plant saved an aggregate of $40,000 per year, ap- 
proximately. 

The foregoing illustrations indicate the wide range of coals and 
preparations which the spreader stoker can handle, and also indi- 
cate, as experience has proved, that more is to be gained from the 
standpoint of efficiency, economy, and fuel satisfaction by correct 
intelligent application of coals for all types of fuel-burning equip- 
ment. 


R. C. Stanproox.'? The company with which the writer is 
associated has been using Firite spreader-type stokers in Scotch 
marine boilers of Great Lakes steamers since 1930. We have now 
six Scotch boilers, each with two furnaces, equipped with these 
stokers, and also have Firite stokers installed in three water-tube 
marine-type boilers. 

This is the only stoker the writer has knowledge of, that has 
been applied successfully to Scotch marine boilers, and we like it 
because of its flexibility, simplicity, low maintenance cost, and its 
ability to burn a large variety of coal. We are burning 32 lbof coal 
per sq ft of grate with a heat release of 160,000 Btu per hr per cu 
ft of furnace volume (not including combustion chamber). 

Under these conditions we get a considerable carry-over of 
small particles of coke, the largest of which will pass through a 
1/-in. mesh. Some of this coke lodges in the bottom of the com- 
bustion chamber but the majority is carried out of the stack. 
When burning 1'/.-in. nut and slack coal, we estimate this loss to 
be between 7 and 8 per cent. We have experimented with burn- 
ing 1'/, to */,-in. nut coal, and have reduced this loss to 1 per 
cent. 

It would seem that the unburned-carbon loss due to carry-over 
of coke depends on the percentage of slack in the coal, and it would 
be of some interest if the author could give any figures concerning 
this item. 

We use a Pittsburgh coal about 35 per cent volatile, and have 
been able to obtain 12 per cent CO, without CO. Under these 
conditions, the stoker requires careful attention to prevent smok- 
ing. We have noticed changes of from 9 to 12 per cent CO, with- 
out making any changes to the stoker feed adjustment or the 
draft. This is attributed to the fact that the spreader is fed from 
a reciprocating feeder and the fines ignite at every stroke of the 
feeder. This condition would probably not be noticeable with a 
low heat release, but in the case of small furnaces, it would seem 
that some form of continuous feed to the spreader would be an 
advantage. 

In Table 1 of the paper, showing various test results, it is no- 
ticed that all the ash of the coal has not been accounted for in the 
ash from the grate plus ash from fly ash going over bridge wall. 
It is presumed that the missing ash went up the stack and carried 
some unburned carbon with it. The tests should probably show 


12 Power Engineer, Michigan Limestone & Chemical Company, 
Rogers City, Mich. Mem. A.S.M.E. 


a larger loss due to unburned carbon and a smaller unaccounted- 
for loss. 

This large loss due to unburned carbon seems to be the out- 
standing defect in the spreader-type stoker as at present designed 
unless large furnaces of the order of 20,000 Btu release are used. 
The stoker has earned an unenviable reputation in this respect, 
but should not be too severely condemned on this account, as 
many of the present installations had to be made under existing 
boilers with not much chance of altering bad furnace conditions. 

It has been suggested that in new installations, furnace volumes 
about equal to those used with underfeed stokers are about right 
for the spreader stoker. This would result in considerable carry- 
over of coke, and it is suggested that the coke be collected out of 
the flue gases and returned to the furnace. When small particles 
of coal are first fed to the furnace, they do not reach the grate, but 
the volatile is burned off in suspension and the coke passes over 
with the flue gases. How many times would the particle of coke 
have to be passed through the furnace before the carbon is burned 
off, and would the system reach a saturation point before ali the 
carbon was burned? This perhaps depends on the amount of 
these !/,-in. particles in the coal. 

If the author has any complete tests to bring this point out, it 
would be of interest to publish them. Users of small stokers are 
not generally in a position to make complete tests as published by 
the author, and we are indeed fortunate in having them made 
available. 


T. A. Marsu.'* The author has presented clearly the develop- 
ment of overfeed spreader method of firing coal. One of these 
units, the Iron Fireman Manufacturing Company’s pneumatic- 
spreader stoker, feeds the coal by air transport through a conduit 
to a spreader nozzle on to the grate. This system has great adapta- 
bility of application and minimizes labor of coal handling. 

Spreader firing is attractive because there are in many locations 
coals high in ash and low in ash-fusion temperature which, due to 
these characteristics, are unable to command a price per million 
Btu commensurate with the better grades of coals which have 
greater utility. There is another group of coals, namely, those 
minus */, in. and smaller in size which are being produced in rap- 
idly increasing quantities due to the extraction of small sizes in 
the preparation of domestic coals for underfeed stokers. These 
two broad classifications of coals offer the steam producer a low 
cost per million Btu at the mine. The overfeed spreader stoker 
has provided a means for burning these coals at high efficiency, 
thereby giving very low-cost steam. 

The nature of the fuel bed of spreader stokers is, as the author 
states, unusually even and level. The actual burning zone is shal- 
low. The fuel is fed from the top and the ash forms on the bottom 
of the fuel bed. The ash, being undisturbed and on the cooler 
side of the fuel bed, does not fuse into clinker but is loose and frag- 
mentary. This is a very important point bearing on the ease of 
operation and the continuity of high efficiency throughout the op- 
erating cycle. 

The author has mentioned low maintenance. This is due to the 
facts that the grates are flat and the moving parts are not exposed 
to furnace temperatures. 

One point the author did not mention is the low power cost. 
The shallow fuel beds maintained with spreader stokers require a 
much less static pressure of forced-draft air. This reduces power 
cost very considerably as contrasted to stokers with deep fuel 
beds. The author mentioned the ability to fire by hand on the 
flat grate in case of emergency. This is important in small and 
medium-sized plants. Manyof these plants are in locations where 
power supply may be cut off due to sleet storms or other interrup- 


13 Central Division Engineer, Iron Fireman Manufacturing Com- 
pany, Chicago, Ill. Mem. A.S.M.E, 


; 
; 
We 
4 
| 


448 TRANSACTIONS OF THE A.S.M.E. 


tions. The ability to carry a good portion of the load by hand- 
firing provides a factor of reliability not fully appreciated by 
larger plants. 

This type of stoker has therefore produced attractive economies 
for steam producers. It has also produced an ease of operation 
giving it the approval of the operators and is offering a solution 
to a serious problem that has confronted the entire coal industry, 
namely, a high utility value for small-sized coal and coal high in 
ash and of low fusion temperature. 


C.J. McCaseg.'* Our experience in Detroit indicates that fur- 
nace-volume requirements for the spreader-typestoker are slightly 
larger than that of the underfeed stoker. This isno doubt caused 
by the fact that the liberated coal gases require a longer time ele- 
ment because of being liberated on the top of the fuel bed, as com- 
pared to their point of liberation on the underfeed stoker. This 
point may be equalized somewhat, if lower-volatile noncoking 
coals are used; however, there is no assurance that this will be 
done by the owner. 

Plants equipped with the spreader-type stoker are known to be 
abie to pick up a load more quickly than those equipped with the 
underfeed stoker. 

The distribution of the fuel is a variable item depending entirely 
on the size of coal used. Plants using coarse coals find a “piling 
up” on the front of the grates with a large air excess at the rear 
portion of the grates. In using fine coals, the reverse of this has 
been observed. The solution regarding coal sizing is obvious. 

An advantage in emergencies, not found in all other types of 
stokers is that handfiring may be temporarily resorted to. 

It has been observed that this stoker under heavy load condi- 
tions creates a fly-ash emission from the stack which varies in in- 
tensity with the coal sizing. Hereafter, in Detroit, where a con- 
dition of this kind is maintained a fly-ash collector is to be re- 
quired when the solids precipitated exceed the amount specified 
in the smoke ordinance. 


H. B. Metier.® From the viewpoint of a smoke-abatement 
official the writer would like to emphasize that part of the paper in 
which the author discusses the necessity for the exercise of proper 
care to prevent smoke and fly ash by proper adjustment of feed 
and by provision for adequate combustion space and gas travel and 
by the use of a settling chamber or dust separator. 

The first two stokers of the spreader type placed in service in 
Pittsburgh were installed on trial. Both smoked excessively at 
times, and both emitted fly ash in quantities that exceeded what 
could be called reasonable. Neither should have been installed 
under the existing conditions, and neither was satisfactorily cor- 
rected. Others, have been installed since that time; most of them 
under boilers of 100 to 150 hp. With these later installations, the 
smoke conditions have been satisfactory, but there has been an 
excess of fly ash. 

The organization with which the writer is associated has been 
very much interested in the progress made in the development of 
the spreader stoker. However, it does seem that the time has 
come to include in city ordinances intelligent and enforceable regu- 
lations covering fly ash, not only from spreader stokers but from 
all fuel-burning equipment, and dust from industrial operations 
where such dust may now be exhausted into the atmosphere. 


AvuTHorR’s CLosuRE'* 


There appears little to say in closing. The discussions give 
much interesting and valuable information on spreader stokers. 


14 Chief Inspector, Bureau of Smoke Inspection and Abatement, 
Detroit, Mich. Mem. A.S.M.E. 

16 Managing Director, Air Hygiene Foundation of America, Inc., 
Pittsburgh, Pa. 

16 Published by permission of the Director, Bureau of Mines. 
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Mr. Lundy asks how the government can justify the use of the 
cheapest West Kentucky slack, with its “comparatively high 
freight rate into Mount Pleasant, Mich., as compared with 
higher-grade coals at comparable delivered costs.’”” The reason 
the usual commercial comparison of the costs of different coals 
delivered into Mount Pleasant does not apply to government 
purchases is because the government does not pay the regular 
freight rates on shipments into that town, but certain land-grant 
freight rates that give quite different comparisons; the most eco- 
nomical purchase for the government was determined each year 
from bids of various coals from various localities. 

In answer to Mr. Stanbrook’s inquiry as to complete tests to 
determine how many times a particle of coke would have to be 
passed through the furnace, the author regrets to say he does 
not have them. 


Cavitation on Marine Propellers’ 


H. L. Dopson.? As generally used the word cavitation may 
convey to the marine engineer one or both of two meanings, _i.e., 
cavitation as affecting the thrust, torque, and rate of revolution 
of a propeller which is accompanied by a loss in efficiency, and 
cavitation as affecting the material of the propeller which is 
manifested by pitting or by erosive streaks or bands. 

The author, in addition to discussing the delay of cavitation 
as affecting thrust, torque, and speed of revolution, has extended 
his investigation into the transitional and fully cavitating ranges 
of operation. The aim of the marine-propeller designer in nearly 
all cases is to design to avoid cavitation. However, there are 
certain applications where propellers function in the cavitating 
zones at some stage of operation. For these cases the author’s 
investigation into the transitional and fully cavitating zones of 
operation are particularly interesting. 


+ 
Approximately 
20 ft per sec 
at reduced 
pressure 


Approximately 
ft per sec 
at reduced 
pressure 


Fig. 1 


It will be observed from Fig. 6 of the paper that beyond the 
transitional range of 800 to 1800 rpm the thrust and torque of 
propeller 1283-A are again varying as N?; in other words, the 
N? law holds for constant head and constant slip on both sides 
of the transitional range, but the thrust and torque coefficients 
differ. 

Visual demonstration has been made that at high angles of at- 
tack the envelope of cavitating water over the back separates 
from the blade section. This was done by mounting a foil in the 


1 Published as paper HY D-59-6, by Lybrand P. Smith, in the July, 
1937, issue of the A.S.M.E. Transactions, vol. 59, pp. 409-431. 

2 Lieutenant Commander, United States Navy, Bureau of Engi- 
neering, Navy Department, Washington, D. C. 
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Fig. 2. ProGress or BuBBLES OVER THE BLADE oF A CaVITATING MopEL PROPELLER 


. 


Fic. AcTING aS A BRAKE IN STopPING A VESSEL 
(Propeller No. 1214, diam, 9.17 ft, X = 15.5) 


Ship speed, Propeller 


knots ahead rpm 


a 35 222 
b 35 39 
c 30 40 
d 25.9 39 
e 22 76 
tf 22 44 


variable-pressure hydraulic tunnel at the Experimental Model 
Basin in such a manner that the ends extended into the rela- 
tively dead water of the open-throat retaining basin. The cavi- 
tating free tip vortices were thereby suppressed and the appear- 
ance of the cavitating flow was as shown in Fig. | of this discus- 
sion. 

A few remarks relative to the crossing of the thrust and torque 


Thrust, Torque, 
Ib ft-lb 
—59,200 —. 67,000 
—79,400 — 136,600 
—79,400 — 126,000 
—79,000 —111,400 
—47,700 — 63,200 
—61,000 — 85,700 


curves of propeller 414 of Fig. 3 will be of interest. For a given 
slip ratio the water velocity over the blade is necessarily higher 
for the 1282-rpm than for the 855-rpm condition. Due to the 
combination of the high ratio of velocity to pressure head and 
the high camber ratio of the blade section, the entire pressure 
face of the propeller, while operating at 0.05 slip ratio and 1255 
rpm, is covered with a sheet of laminar cavitation generated at 
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the leading edge; and considerable burbling cavitation, generated 
at about maximum section thickness, exists on the back of the 
blade. The amount of burbling cavitation generated on the back 
would be an indication under normal pressure-face. conditions of 
appreciable lift on the blade section. The extensive laminar 
cavitation on the face of the blade indicates, in conflict with the 
author’s theory of laminar cavitation, that the face has ceased to 
be the conventional pressure face and is now operating under a 
suction condition simultaneously with the afterportion of the 
back. This results in displacement of the C, and C, curves from 
the atmospheric-pressure curves at low slip ratios. Above 0.15 
slip ratio the angle of attack for 1282 rpm is such that the cir- 
culation components of the water velocities are restored to 
usual values and the propeller produces greater thrust for 
greater number of revolutions at the same slip within the limits 
shown. 

At low slip ratio and 855 rpm, however, the materially reduced 
amount of face cavitation indicates a rise in pressure on the face 
and more normal flow over the back, resulting in an increase in 
thrust over the 1282-rpm speed under the same condition. Con- 
ventional thrust- and torque-coefficient curves for various ratios 
of pressure to velocity heads plotted to abscissas of slip ratio 
show the same characteristic displacement at low slip ratios when 
the ratio of pressure to velocity head is sufficient!y low for a given 
propeller design. 

It will be observed that propeller 1283-A which does not show 
the C, and C, displacement at low slip ratios is of approximately 
the same pitch ratio as propeller 414, but in blade area and thick- 
ness contrasts sharply, being much wider and thinner. 

The author defines a laminar cavity as a cavity stretched out 
in a long thin sheet or tube. It is then stated that side-pressure 
effect is necessary to produce laminar cavitation which is de- 
scribed as a band of. parallel cavitating free vortex tubes. The 
writer’s observation has been that in the advanced stages of cavi- 
tation of conventional model propellers at high angles of attack 
there is a laminar sheet bounding the disturbed water over the 
back of the blade. Independent cavitating tubes can be gener- 
ated at the leading edge by imperfections in material or design, 
adhesion of oil or grease to the blade surface, or small obstructions 
such as a thread or chip of wood riding the leading edge. The 
transition from a series of independent bubbles emerging from 
the interference, through the stage of interlocked bubbles, to the 
final stage of an integral envelope can be plainly observed as one 
changes the flow conditions over the blade. Furthermore, lami- 
nar sheets can be generated at the midpoint of the backs of model 
propellers due to local surface conditions in the same area that 
the bubbles of burbling cavitation can be observed some distance 
away from the blade material. It is not apparent that side-pres- 
sure effect and rotation about a tubular core is essential to so- 
called laminar cavitation. 

If the author had been working with a high-speed camera at 
the time of his investigation, it is questionable whether he would 
have arrived at his conclusion that bubble-collapse impact forces 
are responsible for the rise in pressure on the back of the blade as 
the propeller passes into the cavitating condition. At constant 
slip with burbling cavitation C, and C, can be reduced by in- 
creasing rpm and water speed while maintaining the characteris- 
tic burbling-cavitation field over all except a small area near the 
leading edge. Bubble collapse, which the high-speed camera has 
shown takes place at the relatively high-pressure vortex sheet 
emerging from the pressure side of the trailing edge, persists at 
this lecation during the drop in C, and C, represented by the 1000 
to 2000-rpm range of Fig. 6. To bear out the author’s hypothesis 
it will be necessary to consider the mean-pressure rise due to 
bubble collapse transmitted down the wall of water to the back 
of the blade, creating a circulation component over the back of 
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the blade opposed to the stream flow. See Fig. 1 of this discussion. 

In a burbling-cavitation field the largest bubble size is at least 
a function of pressure. In low slip-ratio fields where cavitation 
does not start at the leading edge the large bubbles can be plainly 
seen at the outer boundary. This indicates low pressure a con- 
siderable distance from the blade. In Fig. 1 above the wall of 
water adjacent to the blade section minute bubbles appear. Are 
not these bubble sizes some measure of the pressure gradient ex- 
isting from the blade out through the broken water layer rather 
than the cause of the pressure gradient? 

The staff of the Experimental Model Basin at Washington has 
prepared a few photographs of model propellers that will be of 
interest. Fig. 2 shows the progress of bubbles over a blade as 
revealed by the high-speed camera. It will be noted that the 
bubbles enlarge as they progress over the blade and collapse when 
they meet the high-pressure zone emerging from the pressure side 
of the blade. Fig. 3 is a series of photographs of a propeller acting 
as a brake in stopping a vessel. The propeller is now operating 
on an overloaded hydraulic turbine, but as the conventional pro- 
peller is not designed for this state of operation, the blades in 
combination with the low rate of propeller revolution and the 
water speed generate pronounced vortices, which in some cases 
can be studied effectively with the naked eye without a strobo- 
scopic light. The photographs show the cavitating bound vortex 
over the middle of the blade, the free tip vortex, and the hub sup- 
pressed blade-root vortex. 

A few words on the appearance of full-scale ship propellers 
operating at sea in contrast with the appearance of a cavitating 
model propeller may be of interest at this point. The ship pro- 
peller shows local cavitation far earlier than the model propeller. 
It may first appear as an intermittent short narrow band at the 
leading edge and fully an inch to two inches away from the blade 
metal. The variation in velocity and direction of water entering 
the propeller due to the effect of the hull lines and the effect of 
shaft declivity result in different degrees of local cavitation at 
various blade positions. On 35-knot vessels first evidences of 
local cavitation have been observed at speeds as low as 20 knots. 
Local cavitation progressively increases and extends over the 
blade surface up to 35 knots with relatively little influence on 
efficiency. In the case of the model propeller, visual evidence of 
cavitation occurs only a few knots, full-scale, below the speed at 
which cavitation affects efficiency. 


W. Watters Pacon.? The A.S.M.E. is to be congratulated on 
securing this paper. It is probable that no one has made such an 
exhaustive study of this subject, in its relationship to marine 
propellers, as has the author. 

The author and the writer approach the subject from widely 
different points of view and backgrounds of experience; the 
writer approaching from the points of view of aerodynamics and 
of cavitation in hydraulic turbines whereas the author approaches 
from the strictly naval point of view. The terminology, which 
the author wisely defines with care, is an unfortunate one from 
the writer’s point of view, and makes discussion difficult, because 
it uses words that have already very definite connotations in 
aerodynamics to imply other things; however, the writer will en- 
deavor to use the terminology as set forth in the paper. 

The author and the writer are in agreement on many points, 
but there is also much divergence of opinion. The comments 
which follow will be stated as frankly as possible, but with all 
good will and with the desire to further our understanding of the 
subject of cavitation. 

In section 1 D, the author states excellently that when cavities 
appear we are dealing not with one continuum, but with two 
separate fluids, separated by an interface. 


3 Consulting Engineer, Lexington Building, Baltimore, Md. 
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The author’s discussion under sections 2 A, B, and C is excel- 
lent, but some of the later mathematical work is disappointing. 
The writer had occasion to witness some of the experiments which 
form the basis for this section, but unfortunately before the ap- 
proved stroboscope and photographic apparatus were installed. 
The plotted results of the tests, Figs. 4 to 14, are a fine exposition 
of the phenomenon of cavitation, and are in general in accord 
with experimental data obtained by other investigators, each 
working with apparatus that differs materially in concept. The 
correlation of the test curves with the related sketches reproduc- 
ing the physical appearance, as shown in each figure, is especially 
to be commended, because it shows the relationship between the 
breakaway of the curves and the inception of leading- or trailing- 
edge cavitation and the extension of tip cavitation. Although 
the author tends to discredit aerodynamic applications, neverthe- 
less his figures show marked similarities to the tests of airfoils at 
the breakdown of the lift curve, or burble point. Prior to break- 
down the lift curve follows a straight line; at the burble point 
there is a sudden drop; beyond, there is often a further gain in 
lift. Just so in Figs. 4, 6, 7, and 11 it is of interest to note that the 
breakaway of the thrust curve from a straight line is synchronous 
with the inception of cavitation, and the thrust curve approxi- 
mates a straight line (nearly from the origin) again after cavita- 
tion has progressed over the entire blade surface. This state- 
ment applies both to the narrow blade and to the wide blade, and 
even to the freak blade shown. Or again, the shape of the thrust- 
coefficient curve is quite similar to the curve for the drag coeffi- 
cient of a cylinder, or other object, transverse to the flow.‘ 

Sections 3 A and B give a valuable summarization of informa- 
tion on the depth of submergence of ships’ propellers, on a sta- 
tistical basis. 

In section 4 the author derives a pseudo mathematical result 
which is based upon questionable assumptions. However, it 
seems that the result agrees sufficiently with his observations and 
serves his purpose, hence there is no occasion to comment further 
on it. It is after section 4 F that the author and the writer di- 
verge. The writer is on record in his paper presented before the 
joint meeting, A.S.M.E. and A.S.C.E., in December, 1935, as of 
the belief that cavitation in hydraulic turbines is largely due to 
the formation of mathematical vortices, which may or may not be- 
come apparent as visible eddies. The differentiation of terms in 
the previous sentence should be noted, because the author uses the 
word vortex as applying to tubular cavities in the fluid, whereas it 
should strictly be applied only to a definitely mathematical con- 
cept, if we are to have full clarity of discussion. Having gone on 
record in the statement of his belief, the writer naturally is zrati- 
fied that the author is seemingly on the same track. However, 
the writer, when viewing the experiments, failed to see what the 
author sees in some cases, and he questions the author’s concept 
of an “anchored vortex.” 

The statements of section 4 F are correct and well-stated. In 
section 4 G, last paragraph, however, the writer cannot conceive 
that a small nick, of whatever form, may produce a “miniature 
anchored vortex,’’ meaning thereby either a mathematical vortex, 
or a coreless eddy. There can be no question that such nicks or 
protuberances are the focal centers of strong disturbances. A 
review of the baneful effects of rivet heads on airplane wings and 
the disruption of flow which they cause, also a review of certain 
cavitation tests made in hydraulic-turbine research, will show an 
identical phenomenon. 

In section 4 H, the author, referring to the effect on model pro- 
peller No. 1538, states that the rough spots could easily be dis- 
tinguished, that there were numerous thread-like tubular cavities 


‘‘‘Aerodynamics and the Civil Engineer,”” by W. W. Pagon, 
Engineering News Record, March 15, 1934, p. 348, and April 25, 1935, 
p. 582. 


which, in the advance condition, formed apparently a continuous 
interface between a large laminar cavity and the main body of 
flow. The writer has witnessed this in the author’s apparatus, 
but he has also witnessed the same effect in the thin flow of water 
over a weir, or a flat-top dam, where each irregularity of the edge 
at which separation of flow occurred, was impressed upon the 
interface. It may seem strange that the writer should challenge 
the author on this point, because the writer’s thesis has been that 
leading-edge cavitation is the result of a mathematical vortex; but 
his concept involves a vortex whose axis is parallel to the leading 
edge of the blade, whereas the author’s concept involves a vortex 
sheet whose component eddies are perpendicular, or nearly so, to 
the leading edge. Both are agreed that a vortex is “‘prerequisite 
to laminar cavitation,” as stated in the second paragraph, but 
the two concepts are 90 deg out of phase, as it were. 

The description of the phases of the development of a laminar 
cavity with lowering pressure, is excellently described in the third 
paragraph. The statement of the fourth paragraph is more 
advanced than the writer’s observations permit, and is a valuable 
contribution to our knowledge of the subject. The author’s 
statement which follows is open to question, because a mathe- 
matical vortex can exist in the vicinity of a surface accompanied 
by a “reflected image,” and also physical eddies can actually be 
observed as they travel along close to a surface. The author 
rules out any possibility of a coreless vortex, i.e., a cavity, being 
in contact with the surface ‘‘because a vortex could not exist with 
one wall solid.’”” However, if the Legrangian flow along such a 
surface be considered, with a mathematical vortex attached to 
the surface, and if then the vortex become coreless while still re- 
taining its position, then an attached cavity can be visualized, 
despite the above statement, made by the author. 

Rather is it the writer’s concept that a laminar cavity is more 
likely a cavity within a “surface of discontinuity’’® which is filled 
with vapor, air, and gases, and whose interface reproduces faith- 
fully all of the irregularities of the leading edge of the blade. In 
the fifth paragraph the author states that unless there be side- 
wise flow, only a burbling-cavitation field is reproduced, filled 
with frothy foam. The author of course had had far more op- 
portunity to study these effects than the writer during his brief 
contact with the equipment, and any statements of fact which the 
author makes must therefore, of course, be accepted at full value; 
however, the statement, ‘‘When flow around a sharp edge has no 
sidewise current, and consequently cannot produce an anchored 
vortex, a laminar cavity does not result,’”’ contains not only the 
composite results of the author’s observations, but also the im- 
plicit assumption that the sidewise current must be the cause of 
differentiation. If a so-called laminar cavity can be looked upon 
as the void space below an overflow weir, the phenomenon bears 
much relationship, as the writer has often emphasized, to the 
phenomenon of the hydraulic jump; and burbling cavitation 
such as the author indicates, may fall into this class. The au- 
thor’s comment (a) accords with observations from cavitation 
test stands, his comment (6) is correct in statement, but the seem- 
ing implication may be misleading. 

The writer does not accord with the mathematical basis out- 
lined in section 5 A. Regardless of thevalue of s in Equation [31], 
i.e., regardless of the value of (h — s), differentiation as to hwill re- 
move it from the equation. Hence Equations [32] and [33] are 
questionable. The author seems to bear down too harshly on 
the authors whom he quotes. For example, in the fourth para- 
graph, second column, of page 427, he states: “Therefore, the 
only change in effective camber which cavitation might make 
would be to increase it, while this might be expected to reduce the 
efficiency (which happens in cavitation) it could not reduce 

a ‘Aerodynamics and the Civil Engineer,”” by W. W. Pagon‘ and 
others. 
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the thrust and torque (which also actually happens in cavita- 
tion).” But here he lays himself open to similar criticism, be- 
cause he assumes that cavitation must of necessity increase the 
camber of the blade, presumably by being developed at, or near, 
the point of maximum camber; but if, as is often the case, and as 
he states in his quotation from Walchner, the cavity is not at the 
point of maximum camber, the effect may be to reduce the ef- 
fective camber. 

Again, on page 428, first three paragraphs, it appears that he 
brushes aside too brusquely the similarity between the drag co- 
efficient of a cylinder set transversely to the flow and the phe- 
nomenon which he has observed. Some attention must be paid 
to the fact that in both cases the flow pattern becomes radically 
different when the breakaway occurs; and the writer is not satis- 
fied that there is not a similarity between the respective results. 
In the second column of this page, in the fourth paragraph, he 
discusses the proposition that tension in the water may be sig- 
nificant, and dismisses it. However, the writer believes that he 
should also show at this point that it is the hydrostatic pressure on 
the system which negatives the tension, and makes an apparent 
tension effective, just as he has done in Equation 31. 

The discussion in section 5 B is valuable and interesting. 

In section 5 C it is interesting to note that the author was able 
to observe some distinguishing bubbles through several revolu- 
tions, because the writer was not so fortunate as to be able to wit- 
ness the tests after the improved apparatus was installed, and 
could not be sure of this point. The bubble must certainly have 
been slow-moving to remain in the field of vision for several revo- 
lutions. However, referring to the fourth paragraph, the writer 
cannot believe that the bubbles, by semiadherence to the blade, 
can cause retardation of the flow about them. Tests by others 
indicate that such bubbles probably never have actual contact 
with the blade surface, because they are apparently rejected by 
the thin boundary layer. Hence it seems far more likely that the 
bubbles and the adjacent flow are of like velocity, and both much 
retarded by their closeness to a fixed surface. 

In the next two paragraphs the author refers to Fottinger’s 
and Ackeret’s tests, and the high pressures developed in the areas 
where erosion of the blade surface occurs. (He, however, makes 
no reference to erosion.) But when the writer had opportunity 
to observe these phenomena in the author’s tests it was a matter 
of significance that the apparatus was completely noiseless, aside 
from the normal noises due to any flow. It is unfortunate that 
in the next paragraph the author deduces a higher pressure in the 
area of collapse due to the impact produced in each bubble at 
the instant of collapse, because the younger Spannhake has empha- 
sized that for collapse to occur, with its resulting impact, there 
must be a diminution of pressure in the adjacent fluid, otherwise 
there could be no radially inward flow into the bubble. In 
mathematical terms, this would mean that for each collapse the 
pressure on the system, at infinity, must be altered, which is most 
unlikely under the almost instantaneous conditions of collapse; 
hence the impulsive force required to cause collapse must come 
from the adjacent fluid through the formation of newer cavities, 
and the system pressure be unchanged. The writer believes, 
therefore, that the author has not explained the change of 0F;/0N, 
and hence, that the conclusion in the last paragraph seems not to 
be justified. 

In section 5 D the writer believes that the last sentence of the 
second paragraph is a case of non sequitur, although he believes 
that the statement is a correct statement of fact. The third 
paragraph deals with a subject which the writer attempted to 
elucidate in his paper previously mentioned. However, this 
paper dealt with a hydraulic turbine, not with a free propeller, 
and was only concerned with the tip vortex as a concomitant 
phenomenon, not as the major one. The fifth paragraph ac- 
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cords with the writer’s concept. The following paragraphs agree 
well with this concept, when allowance is made for the absence of 
the tip vortex as a major element. The final paragraph of this 
section is apparently unexceptionable; but the writer would like 
to reiterate here that the effect which is described is just that 
which develops about an airfoil at the burble point and there- 
after, though in the one case there is an actual cavity, and in the 
other there is merely an eddy causing backflow along the wing. 

Conclusions. The subject of cavitation requires precise think- 
ing. The word vortex should be restricted to the strict mathe- 
matical meaning, and the words eddy, or coreless eddy, should 
preferably be used when reference is made to a hollow tubular 
cavity, or string of bubbles, if rotation of the fluid about the 
hollow is implied, and the term hollow tube, or something similar, 
for such a cavity, if rotation is not implied. 

The author has afforded students of the subject data of much 
value which he has presented in excellent form for use. He has 
shown three clearly defined stages in the thrust and torque 
curves, and has correlated with the curves pictorial evidence of 
the physical phenomena concurrent with each value. 

He has drawn some conclusions which are open to question, but 
by being sufficiently bold to present them, he has advanced the 
status of the subject. The writer’s criticisms of the conclusions 
are offered for the same reason. 


G. F. Wisticenus.' This paper is as interesting as it is valu- 
able, for critical studies of this nature are needed most urgently 
in many if not all fields of hydraulic engineering. It is with con- 
sideration for this common cause that the following discussion was 
written, although the subject itself lies somewhat outside of the 
usual work of this writer. Therefore, he asks the author’s in- 
dulgence in case of any mistakes which easily might exist as a re- 
sult of this transgression from the field of centrifugal pumps to 
that of marine propellers. 

As a means of generalizing certain results presented in this 
paper the writer should like to suggest the application of cavita- 
tion-similarity considerations in the same way as they are used for 
the representation of cavitation-test results of hydraulic turbines’ 
and of pumps.* In applying such cavitation-similarity consid- 
erations one could plot for instance the curves shown in Figs. 12, 
13, and 14 against gH/(dN)? where g = gravitational accelera- 
tion, d = propeller diameter, and other notations are the same as 
in the paper. This would correspond to the parameter o used 
for turbines and pumps. With this representation these curves 
could be expected to become very nearly identical for different 
rotational speeds and also for different diameters as long as con- 
sideration is confined to small model propellers. The application 
to different diameters will not be correct for large ships’ pro- 
pellers where the diameter is of the same magnitude as H so that 
cavitation conditions at top and bottom are likely to be different. 
The latter problem, however, evidently was not intended to be 
included in the present paper. 

The assumption underlying the similarity consideration can be 
critically checked by considering the curves shown in Fig. 4. 
Taking two speeds in the cavitation zone having the ratio of the 
square roots of the two head values H one seems to arrive at 
similarly located points of the two corresponding cavitation 
curves which indicates similar cavitation conditions, such as the 


§ Worthington Pump & Machinery Corp., Harrison, N. J. Jun. 
A.S.M.E. 

7“*The Hydraulic Turbine in Evolution,’’ by H. B. Taylor and 
L. F. Moody. Presented at the Hydro-Electric Conference, Phila- 
delphia, Pa., 1922. 

8 ‘‘Experimental Research in the Field of Water Power,”’ by D. 
Thoma, California Institute of Technology. Presented at First 
World Power Conference, London, England, June, 1924. 
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extent of the cavitation zone or the like. Points of the first 
breaking-away from the straight line are the easiest to compare. 

For a rigorous and yet fairly easy determination of the low- 
pressure point of the ‘‘ogival blades’’ and similar vane shapes the 
writer would like to call attention to the von K4rman-Trefftz 
transformation which allows transforming profiles of this very 
type directly into a circle.® 

Finally the decrease of the thrust and torque by cavitation 
may be partly caused by the so-called interference between the 
individual blades of the propeller, meaning thereby that cavita- 
tion on the back of one blade may in some cases reduce the pres- 
sure on the high-pressure side of the following blade. This ques- 
tion possibly can be dealt with by the method of the Hodograph 
which was developed in the school of Prandtl and is explained as 
well as applied to systems of straight vanes in an excellent paper 
by Betz and Petersohn.'° This method allows the determination 
of the potential flow in a two-dimensional field under the condi- 
tion that this field contains boundaries of constant velocity and 
constant pressure as for instance the surface of cavities. If 
properly extended and developed the method may open the way 
to a rather complete theory of marine propellers in the state of 
fully developed cavitation. Considering for instance the thrust 
and torque curves of Figs. 6 and 7 this theory may allow the de- 
termination of limiting lines corresponding to the straight lines of 
the cavitation-free stage but, so to speak, on the other side of the 
diagram so that the cavitation curves approach these lines with 
increasing development of cavitation. This would allow con- 
fining the whole behavior of the propeller between two theoreti- 
cally known states which is often helpful in describing such com- 
plicated phenomena. 


AUTHOR’s CLOSURE 


Before proceeding to comment on the discussions, the author 
desires to correct two typographical errors in the paper.' First, 
the sentence beginning in the fourteenth line after Equation [44] 
should be changed to read: ‘The lift L would increase with N 
until PF» was reached, and then, because we have removed the 
first and second restrictions, would continue increasing... .. . 
Second, in the line immediately following Equation [46] the 
symbol Py should be changed to Fo. 

Commander Dodson notes that the author extended his in- 
vestigation into the transitional and fully cavitating ranges of 
operation. A marine propeller or hydraulic turbine should 
never have to operate in worse than the earliest stages of cavita- 
tion. It is suspected, however, that propellers of various high- 
speed racing boats are operating in the extreme range of complete 
cavitation on the suction side of the blades, when thrust and 
torque are, for the second time, varying as N*. The author’s 
reason for carrying the investigation into the fully cavitating 
condition was to push cavitation to such extremes that he could 
learn more about its mechanics without having to extrapolate 
from research work which stopped shortly after the first appear- 
ance of cavitation. 

It was probably for a similar reason that Commander Dodson 
mounted his foil at an angle of attack of 15 deg, as shown in 
Fig. 1 of this discussion. By doing sc he obtained very interest- 
ing information on extreme degrees of cavitation. As shown in 
the footnote 8 of the paper under discussion, “In the case of a 
marine propeller, an angle of attack in the order of 5 deg or greater 
must be considered high since it corresponds to a slip ratio so 
high that it is practically impossible for a propeller to operate 
satisfactorily.”” The footnote further showed that, in the case 


* “ Aerodynamic Theory,” vol. 2, by W. F. Durand, Julius Springer, 
Berlin, 1936. 

10 ‘* Anwendungen der Theorie der freien Strahlen,’”’ by A. Betz and 
E. Petersohn, Ingenieurarchiv, vol 2, 1931-1932, p. 190. 


of a certain specific propeller of very ordinary dimensions, if the 
angle of attack is 5 deg the propeller would be operating at nearly 
58 per cent slip. Hence, the illustration of a foil at 15 deg rep- 
resents a condition only met by a propeller under the temporary 
motions of starting or reversing, and not in any ordinary con- 
tinuous operation. 

This experiment by Commander Dodson presents independent 
verification of two points made in the basic paper. First, his 
hydrofoil was so placed that there would be no “sidewise cur- 
rent” with resulting tip vortices; consequently, there was no 
laminar, but only burbling cavitation, which accords with the 
paper. Second, the bubbles are shown originating approxi- 
mately “at the point of tangency,”’ also in accord with the paper. 

Many photographs of burbling cavitation fields similar to 
Commander Dodson’s sketch have been presented by Tenot!! in 
his studies of a cavitating impeller pump. 

In the discussion of the operation of propeller 414, Com- 
mander Dodson calls attention to cavitation on the pressure face 
of the propeller while operating at 0.05 slip ratio and 1255 rpm, 
and states: ‘The extensive laminar cavitation on the face of 
the blade indicates, in conflict with the author’s theory of laminar 
cavitation, that the face has ceased to be the conventional pres- 
sure face and is now operating under a suction condition simul- 
taneously with the afterportion of the back.’’ These observa- 
tions in no way conflict with the author’s theory. He has made 
similar observations many times. When propeller 414 is operat- 
ing at 0.05 slip ratio its angle of attack is an extremely small 
positive angle. It frequently, and possibly usually, happens 
that at very small positive angles of attack there is considerable 
suction on what should be the pressure face of a propeller blade or 
airfoil. Referring to Fig. 16 of the paper, it will be seen that 
suction is shown on the lower side of the airfoil at the angles 
of attack minus 6 deg, minus 3 deg, and 0 deg; and that the 
suction is disappearing at such a rate that it could not be elimi- 
nated entirely until a small positive angle of attack had been 
reached somewhere between 0 deg and plus 3 deg. The objection 
may be that the foil shown is an airfoil section, but there are 
similar curves for an ogival section, like that of propeller 414, 
definitely showing suction at small positive angles of attack on 
what should be the pressure face. 

“Suction” is merely a reduction of pressure. Cavitation will 
result if the pressure is reduced far enough. If a vortex is set up 
the cavitation will be laminar, such as Commander Dodson 
described. If a vortex were not set up, the cavitation would be 
burbling, usually in the form of a frothy burbling cavitation 
field such as is illustrated in Fig. 19 of the paper. 

In that paper the author frequently referred to a “sidewise 
current”’ as setting up a vortex or eddy. As shown in the paper 
this term was quoted from Prandtl, but apparently it caused 
some confusion. The “sidewise current” is merely the radial 
component of the flow across the propeller blade. Not only 
such a radial component but also some types of disturbances 
around the hub are sufficient to set up a vortex or eddy. It is 
for this reason that laminar cavitation is frequently seen near the 
hub when a propeller is operating at very low slip ratios. Since 
the paper under discussion was concerned almost entirely with 
the more severe cavitation on the suction side of the blade, it did 
not contain much discussion of cavitation on the pressure side. 

Commander Dodson is under a misapprehension when he in- 
fers that the author made no observations with the high-speed 
camera. The author would have mentioned the camera and 
used illustrations made by it had he not been requested to re- 
frain from doing so until the Model Basin was ready to release 


11 ‘Phenomena of Cavitation’’ (French), by M. A. Tenot, Memoires 
de la Societe des ingenieurs civils de France, vol. 87, May-June, 1934, 
pp. 378-480. 
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such information. This release was made later.!* It was be- 
cause intensive studies of high-speed photographs added con- 
firmation to the author’s conclusions that he wrote with more as- 
surance regarding certain points in his paper which were de- 
veloped by research with cruder apparatus. 

Until recently, the author had not seen any picture of a pro- 
peller acting as a brake and stopping a vessel, such as shown in 
Fig. 3 of this discussion. This figure is intensely interesting and 
useful, but not disturbing to any of the basic arguments in the 
paper. 

It is not surprising that the appearance of cavitation on a full- 
scale ship propeller is somewhat different from cavitation on a 
model. Ship propellers have been observed by other people 
through glass deadlights placed in the hull of a ship below the 
water line. Such observations are not as sharp as those made in 
the water tunnel with an Edgerton stroboscope or a high-speed 
camera, because the only illumination in the case of the actual 
ship was the daylight filtering down through the sea water, and 
the only stroboscopic effect was obtained by looking through a 
Rotoscope. 

The size of the bubbles in burbling cavitation on a ship propel- 
ler would not, of course, increase in the same ratio as the ratio 
between the diameters of the prototype and the model. If they 
did the bubbles would be about the size of grapefruit. How- 
ever, the burbling-cavitation fields and the laminar cavitation 
due to tip vortices on ship propellers generally appear in about 
the same locations and cover about the same relative areas as on 
the models. The local cavitation which appears earlier on the 
prototype, as described by Commander Dodson, is due presuma- 
bly to the greater absolute size of irregularities on the large pro- 
peller and the much higher absolute water speed past these ir- 
regularities. For example, if the prototype were 16 times as 
large as the model, the absolute water speeds past the blades of 
the prototype will be four times as great as the absolute speeds 
past the blades of the model. 

Major Pagon indicates in several places that mathematical 
work in the paper is “disappointing” or “‘psuedo mathematical.” 
The author purposely and very deliberately eliminated as much 
mathematical work in the final manuscript of the paper as he 
could, and attempted to reduce the remaining to the utmost sim- 
plicity. The equations have all been checked very carefully and 
it is believed they are correct. 

Major Pagon states: “The author tends to discredit aero- 
dynamic applications.” The author in no way intended to dis- 
credit aerodynamics. Not only does he desire to give aero- 
dynamics the greatest possible credit, but also he desires to state 
most emphatically that for advanced studies in fluid motion he 
has found more valuable material in works on aerodynamics 
than in any other source. Among such works are various papers 
by Major Pagon himself. The author has tried to point out, 
however, that in extreme cases one cannot uncritically apply the 
findings of aerodynamics to hydrodynamics, or vice versa. 

Major Pagon states: ‘The shape of the thrust-coefficient 
curve is quite similar to the curve for the drag coefficient of a 
cylinder, or other object, transverse to the flow,” and takes up 
this point more fully later in his discussion. The author had also 
noted such similarity of curves. But on analyzing the two 
cases it is apparent that the similarity of curves is not caused by 
similarity of physical action. 

Drag-coefficient curves, as illustrated in Major Pagon’s own 
articles, are plotted against Reynolds numbers. In the case of 
a definite object acted upon by a definite fluid, the Reynolds 
numbers vary directly as the velocity. We could, therefore, 

12‘*'The Model Basin High-Speed Camera for Propeller Re- 


search,” by E. L. Gayhart, Journal of the American Society of Naval 
Engineers, vol. 49, May, 1937, pp. 174-183. 
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plot the drag coefficient, or actual drag, of such an object directly 
against velocities as abscissas. Every time the object reached a 
certain velocity, the drag and drag coefficient would be the same 
within the limits of accidental errors of measurement. 

Now the 7-H and Q-H curves, Figs. 12, 13, and 14 of the paper, 
were at a constant velocity. Therefore, they were at a constant 
Reynolds number. But the thrust and torque coefficients 
varied radically, far beyond any accidental errors of measure- 
ment. Moreover, this variation is correlated in a systematic 
way with the amount of cavitation on the back of the blade. 

Or, consider the two sets of 7-N and Q-N curves in Fig. 4 of 
the paper. At 1500 rpm the Reynolds number is the same for 
both sets of curves. Yet the thrusts, and pari passu the thrust 
coefficients are different. The difference is correlated with the 
different amounts of cavitation. 

It is true that the drag-coefficient curves and the thrust- 
coefficient curves in cavitation have similar shapes. It is also 
true that the parabola which describes the curvature of a search- 
light mirror has a shape similar to the parabola which describes 
the trajectory of a projectile in vacuo. But in neither case does 
the mathematical similarity of curves imply similarity of physical 
action. 

However, the following statement may remove some mis- 
apprehension. If the various cylinders, foils, and other objects, 
which were tested in air to obtain Major Pagon’s drag-coefficient 
curves, were tested in water the author predicts that the results 
in the two media would be the same at the same Reynolds 
numbers provided the water were under such high pressure that 
cavitation would be prevented. 

It is further predicted that the same boundary-layer action 
would occur in the water under such conditions; the same ‘point 
of separation’ would creep forward from the trailing edge and 
finally produce the same “breakaway” of flow which accounts 
for the aerodynamical phenomenon called “burbling,” which is so 
different from hydrodynamical “burbling cavitation.”’ But all 
this implies a pressure so great that cavitation cannot occur. 

Probably the boundary-layer phenomena could be made visible 
in high-pressure water by spraying a mixture of xylene and carbon 
tetrachloride into the water (see footnote 7 of the paper), just as 
similar phenomena have been made visible in air by spraying 
smoke streams into the air. 

The author had hoped to avoid such criticisms as were made of 
his method of locating the point of lowest pressure on any blade 
element by being very careful at the start to emphasize that a 
short method was desired, to state a number of simplifications 
which would be made, and to state the assumptions involved 
very explicitly. (Section 4 E of the paper.) The problem was 
then attacked by a straightforward application of Newton’s 
laws of motion. The author was also very careful to add at the 
end of this subject an emphatic caution that the formulas were 
included only to locate where burbling cavitation would first 
occur and what to do about it, and that they could not be used 
for the actual pressure distribution. 

Major Pagon objected to the author’s use of the word “vortex” 
to indicate an actual motion of fluid particles. The author used 
the word “‘vortex’’ in its ordinary dictionary definition." The 
author has no great objection to substituting the word “eddy” 
for ‘‘vortex,” if it will make it clear to anyone that the motion 
of material particles is indicated. The well-known tip vortex 
or eddy, which streams from the tip of an airplane wing or pro- 
peller blade is an actual vortex of material particles. It trails 
aft in the slip stream and is not parallel to a straight leading edge. 
When the leading edge is straight such a vortex streams only 
from the extreme tip of the blade, as illustrated in the various 


13 ‘‘Webster’s Collegiate Dictionary,’ G. & C. Merriam Company, 
Springfield, Mass., 1936. 
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sketches of propeller 1538 in the paper. When the leading 
edge is not straight, the vortex forms at a radius somewhat short 
of the vortex tip by (a) a slight amount short when the leading 
edge is not curved very much, as in the case of propeller 414, and 
(b) by a great amount short of the tip when the leading edge has 
considerable curvature, as in the case of propeller 1283-A. This 
action is due to the radial component of flow, called the ‘‘side- 
wise current,’’ which term was taken from Prandtl. 

In every case the vortex is following approximately what 
would be stream lines in the flow if there were no vortex. The 
actual material vortex is not at right angles to the local flow. 

A nick or rough spot on the blade, for example at the leading 
edge, will obviously set up some disturbance in the flow. Such 
irregularities may simply oppose the flow and leave a region of 
low pressure behind them, in which case burbling cavitation oc- 
curs. On the other hand, many irregularities have, in effect, 
the form of a miniature blade which sets up a small tip vortex of 
its own. In such case these miniature vortices streak across the 
blade along the general lines of the flowing water. They are 
illustrated by streaks across the blade in Figs. 11, 13, and 14 of 
the paper. Attention is called to Fig. 7 of the paper and the 
single streak which appears a short distance from the tip when 
the speed equals 2400 rpm. This single streak represents a very 
definite miniature vortex, which originated at a nick and became 
visible as a cavity whenever the speed was high enough. 

Other vortices or eddies (which usually do not result in cavita- 
tion) leave the trailing edge of a propeller blade or airplane wing 
where the slightly convergent flow from the suction side meets 
the slightly divergent flow from the pressure side. Such vortices 
trail behind in the general lines of flow and their geometrical 
envelope forms the so-called ‘‘vortex sheet,” which term, ap- 
plicable to flow immediately behind the trailing edge, is analogous 
to the author’s term ‘‘anchored vortex’’ indicating the geometrical 
envelope around the free vortex streaming aft from the tip. 
Still other vortices may lie in the boundary layer. These are 
real and their axes may be in practically any direction, as the 
boundary layer is essentially a dead-water region. All of these 
vortices are real eddies consisting of real material particles. 

The “mathematical vortex,” which attracts so much of Major 
Pagon’s attention, and which is at right angles to the general line 
of flow is purely and simply a mathematical fiction. Prandtl 
himself specifically recognizes this when he states: ‘It is under- 
stood that a lifting vortex is not a physical reality, but that it is 
a very useful concept for the theory of airfoils.’”"** The concept 
of a lifting vortex is very useful and arises in the circulation 
theory. 

The “circulation theory” is a rather unfortunate name com- 
monly given to a very fruitful mathematical theorem which ac- 
counts for the lift exerted on such an object as an airplane wing 
by the air through which it moves; or on a propeller blade by the 
water through which it turns. The name is unfortunate, because 
it seems to connote that a mass of fluid is flowing in an orbit 
about the axis of a wing or blade, forming some sort of material 
vortex. The theory does not imply any such a hypothesis, as 
is shown by the previous quotation from Prandtl. 


’ 


If a body moving horizontally through a fluid experiences a lift, 
i.e, a force component perpendicular to its direction of motion 
through the fluid, we can ascribe this lift only to an excess pressure on 
the lower side of the body or a deficiency of pressure on the upper 
side, or both. It is a matter of indifference whether the body is 
considered as moving through the fluid, or the fluid as flowing past 
the body; for the forces between them depend only on the relative 


14“ Applied Hydro- and Aeromechanics,” by L. Prandtl and O. G. 
Tietjens, Lectures of Prandtl reported by Tietjens, translated from 
the German by J. P. Den Hartog, Engineering Societies Monographs, 
McGraw-Hill Book Company, New York, N. Y.., first edition, 1934, 
p. 136. 


motion. To facilitate explanation it will be considered that the 
fluid is flowing past the body. 

If, in a state of steady motion, there is an excess of pressure below 
the body and a deficiency of pressure above it, Bernoulli’s theorem 
leads to the conclusion that the velocity must be greater above the 
body than below it. Rayleigh,!® Lanchester,'!* Joukowsky"? and 
others showed that a convenient way to describe this was to super- 
impose on the uniform flow of the fluid a ‘‘circulating’”’ flow around 
the object. They do not imply that there are two fluids flowing. 
They simply resolve the flow of one fluid into two components—one a 
uniform ‘‘potential’’ flow, as from left to right, and the other a ‘“‘cir- 
culating’ flow around the object, as in a clockwise direction. There 
is nothing more strange in the procedure than in resolving a North- 
west wind into its northerly and westerly components. Two winds 
are not implied. We merely happen to find it convenient to deal with 
two components of the same wind. 


A little consideration of a real vortex or eddy of material 
particles, as defined by the dictionary," will be convincing that 
it “could not exist with one wall solid.” It is doubtful if the 
confusion surrounding the discussion of vortices could have 
arisen had the references to Prandtl, cited in section 4 G of the 
paper been consulted. Prandtl’s exceptionally lucid descriptions 
and diagrams are a great aid to understanding. 

As stated before, the term “sidewise current”? was taken from 
Prandtl. This term also seems to have caused some confusion, 
which could have been avoided by looking up the references. 

Major Pagon compares laminar cavitation, such as shown in 
the basic paper, to the flow of water over a weir, and the laminar 
cavity as the “‘void space below an overflow weir.” Probably 
everybody who first sees laminar cavitation, such as that photo- 
graphed on propeller 1283-A, makes this same analogy. How- 
ever, the analogy is erroneous as will be indicated when it is 
considered that ‘the void space below an overflow”’ is not really 
void but is filled with air from the surrounding atmosphere at the 
same pressure as the pressure on the surface of the water. In 
the case of a submerged propeller the void space must either be 
a vacuum or water from the overflow must boil into it. As a 
matter of fact the water boils into the cavity and fills it with 
froth unless there is sufficient centrifugal action due to a vortex 
to keep the cavity practically optically clear. 

Major Pagon takes exception to Equations [32] and [33] as 
obtained from Equation [31] in the paper. The repetition of 
these equations, with certain intermediate steps and explana- 
tions offered may clear up his doubts. 


[31] 


where the terms are the same as defined in the paper. 

Now it must be kept in mind that (A + p) is in reality a single 
force, of which h and p are merely components. Likewise, 
(h — 8) is a single opposing force of which h and s are components. 
But, when (hk — s)>0 it is proper to simplify Equation [31] to 


and then obviously 


Furthermore, when (h — s) is 0 and constant, it is proper to 
simplify Equation [31] to 


and then obviously 


18 ‘On the Irregular Flight of a Tennis Ball,’’ by Lord Rayleigh, 
Messenger of Mathematics, vol. 7, 1887, p. 14. 

16 **Aerodynamics,”’ by F. W. Lanchester, D. van Nostrand, New 
York, 1908. 

17 “Vortex Theory of the Screw Propeller,’ (French), by N. Jou- 
kowsky, translated from the Russian by A. Apostol, reviewed and 
annotated by W. Wettchinkine, Gauthier-Villars and Co., Paris, 1929. 
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When Major Pagon used the term ‘“‘apparent tension’’ he ap- 
parently misunderstood the author’s reference to the possibility 
of tension in water. Absolute tension, i.e., a negative absolute 
pressure, can be produced in water. Such absolute tension is 
differentiated from absolute pressure just as tension is differ- 
entiated from compression in a steel bar. The references cited 
by the author in the paper indicate that an absolute tension of 
many hundred pounds per square inch can exist in water under 
highly specialized conditions. Knowing that an absolute ten- 
sion is possible, and could logically be used to explain many pro- 
peller phenomena, the author studied and experimented about a 
year before he rejected the possibility that any appreciable ten- 
sion does or could exist in the neighborhood of any practicable 
propeller. He did not hastily reject the ‘‘tension theory.” 

Major Pagon says, “tests by others indicate that such bubbles 
probably never have actual contact with the blade surface, be- 
cause they are apparently rejected by the thin boundary layer.” 
In various stages of cavitation it is obvious to any observer that 
many bubbles are not in contact with the blade. However, 
some of them are, and in the early stages of cavitation most 
of the bubbles are, in contact with the blade. In corroboration of 
this Bottomley cites evidence that: ‘‘Photographs are produced 
by Prof. Van Iterson with the help of a microscope showing an 
angle of capillarity of 22'/. deg between a half-millimeter-diameter 
air bubble in water and a polished steel surface cleaned with 
alcohol and showing a capillarity angle of 90 deg when the 
polished steel surface was greased with vaseline. In the latter 
case, the air bubble was attached to the surface in the form of a 
hemisphere.” !® 

While the author never deliberately greased a model propeller, 
he also never rubbed one with alcohol, nor took any extraordinary 
precautions to keep grease contamination out of the water tunnel. 
It is therefore probable that the bubbles which the author ob- 
served in contact with the blade were between the two extreme 
conditions as cited in the foregoing quotation. 

The author does not concur with Major Pagon in believing 
that there is any significance in failure to hear the noise of cavita- 
tion on the model propeller. The model is very small as will be 
observed in the illustrations in the paper. It is surrounded by a 
considerable region of streamlined flow, and outside that is a 
region of turbulent or dead water more than one propeller 
diameter in thickness. Finally, between this dead water and the 
listening observer is a very thick glass plate; also, the metal wall 
of the tunnel is covered with a layer of heat insulation. The im- 
peller, which circulates the water in the tunnel, together with 
its motor, and the dynamometer measuring the propeller action, 
all make sufficient noise to interfere with any noise which could 
be expected to originate on the small model. Under such con- 
ditions it is not at all surprising that cavitation noises are not 
noticed in the tunnel. 

On the other hand, when propeller noises resulting from cavi- 
tation or other causes are heard in a ship, as for example those 
reported by Hunter,’ the tips of the propeller are usually within 
one half to one quarter of the propeller diameter ia distance from 
the meta] hull plating. In the case of a hydraulic turbine, the 
space between the tips of the runner and the walls of the tube in 
which it turns is an extremely small gap. Even in the case of a 
model turbine this gap is a minute fraction of the turbine runner 


18 Discussion by W. T. Bottomley of ‘‘Singing Propellers,’’ Trans- 
actions of the North-East Coast Institution of Engineers and Ship- 
builders, vol. 53, 1937, p. D82. 

19 “Singing Propellers,’’ by H. Hunter, Transactions of the North- 
East Coast Institution of Engineers and Shipbuilders, vol. 53, 
1937, pp. 189-222. 
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diameter. Under such circumstances it is not at all surprising 
that sounds of cavitation can be heard. 

Throughout Major Pagon’s discussion, and _ particularly 
toward the end of it, he makes the very important point that 
there is considerable difficulty in conveying understanding from 
one person to another in connection with problems such as are 
under discussion, on account of not having a standard termi- 
nology and system of symbols. The author has continually en- 
countered such difficulties in comparing research papers prepared 
by designers of hydraulic turbines, pumps, airplanes, aerial “pro- 
pellers, and marine propellers. There is a great need for these 
groups to agree on a uniform language. However, since the 
subject concerned marine propellers, he used propeller termi- 
nology. 

The suggestion of Mr. Wislicenus to plot curves against the 
dimensionless product gH/(dN)? is excellent for design purposes, 
and in some cases for study. The author has seen, and used, 
many propeller curves plotted on the basis of quasi-dimensionless 
products analogous to the dimensionless product proposed by 
Mr. Wislicenus. The resulting curves are exceedingly useful for 
purposes of design. However, plotting dimensionless products 
against other dimensionless products very frequently conceals 
the physical action which is really occurring, as was pointed out 
in the paper. For this reason when the actual mechanics of any 
particular action is being studied the author recommends that 
results be plotted, for study at least, in terms of direct measure- 
ments. On the other hand, the use of dimensionless products 
serves a most useful purpose when one desires to summarize 
great masses of data, and particularly when one desires such 
data for convenient use in design. 

The author is familiar with the use of conformal transformation 
to obtain the flow conditions around a blade profile, but did not 
desire to use such a relatively complicated procedure for his 
purpose in estimating the approximate point of the least pres- 
sure on the blade. It is assumed that Mr. Wislicenus’ citation 
of the work of Durand refers to such a conformal transformation 
made by a new convenient method. The author has not seen 
Durand’s text’ as yet. 

The phenomena of interference or interaction by blades on 
each other has been studied experimentally as well as theo- 
retically. The author does not have with him a copy of the 
report on the Géttingen “Gitter’’ Tests. However, they are 
mentioned by Tenot.?° Legras*' reports tests on foils arranged 
in a grill and tested in water. The results of testing blades ar- 
ranged in a grill, either in air or in water, confirm to a quite 
reasonable degree the theoretical discussions regarding interaction 
of blades. 
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20 Tenot, op. cit., 

21 ‘Experiments of Interaction of Propeller Blades in Cavitation,” 
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nautique, Bulletin No. 39, 1935, pp. 747-757. 
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Combination Oil-and-Gas Burners 


By O. F. CAMPBELL,' EAST CHICAGO, IND. 


The author gives combustion data pertaining to the 
burning of petroleum fuels in combination oil-and-gas 
burners for industrial use, and discusses the principles of 
combustion involved in burning such fuels. He also gives 
a brief description of nine representative types of combina- 
tion oil-and-gas burners, describes their operation, and 
discusses their advantages and disadvantages. 


HIS PRESENT highly competitive, industrialized era de- 

mands closer attention to heat-conservation and fuel 

problems. The domestic consumer compares his fuel cost 
with that of his neighbor and the industrialist compares his fuel 
bills with those of his competitor. The manufacturer of fuel- 
burning equipment is ever striving to build more efficient 
fuel-burning devices. The boiler manufacturer is building 
smaller, more efficient boilers of greater capacity at less cost. 
Oil refineries are continually searching for better furnaces and 
fuel-burning equipment which will provide more even heat dis- 
tribution and greater capacity for tube and cracking stills. End- 
less citations reflect the long forward strides engineers are making 
toward fuel conservation. 

Before considering combination oil-and-gas burner design and 
operation it appears advisable to briefly discuss some funda- 
mentals of combustion. For proper adjustment of the air-fuel 
ratio it is necessary to know the chemical reactions which take 
place when any fuel is burned. Combustion, for all practical 
purposes, is generally accepted as a chemical reaction of carbon, 
hydrogen, and sulphur, or their compounds, with oxygen. From 
the standpoint of heat production for industrial purposes combus- 
tion may be defined as the rapid combination of the combustible 
elements of any fuel with oxygen. 

Fuel can be burned only as rapidly as the oxygen in the air 
can be intimately mixed with the fuel and no faster. Fuel-burn- 
ing rates per cubic foot of furnace volume are, therefore, a func- 
tion of the effective mixing of fuel and air by the burner. The 
fuel burner then becomes the more important factor, in so far as 
heat release per cubic foot of furnace volume is concerned. It is, 
of course, necessary for the heat liberated to be absorbed by some 
cooling medium after the burner has performed its duty of mixing 
the air and the fuel at any desired rate. 

The three most essential factors in the successful burning of 
any fuel are time, temperature, and turbulence. If the time of 
burning is short, the turbulence and furnace temperature must 
be high. If the fuel-burning rate per cubic foot of furnace volume 
is low, the time factor is large and both temperature and turbu- 
lence may be low. If sufficient turbulence exists, furnace tem- 
peratures may be low and burning time may be short. The 
modern furnace temperature is usually low to keep furnace main- 
tenance down, and the fuel-burning rate is high per cubic foot of 
furnace volume to obtain high capacity. Therefore, it is the 


1Combustion Engineer, Sinclair Refining Company. Mem. 
A.S.M.E. 

Contributed by the Fuels Division and presented at the Spring 
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duty of the burner to provide turbulence, or intimate mixing of 
the fuel and the air. Therefore, the burner which provides the 
greater amount of turbulence is more desirable. 

Combination oil-and-gas burners should be able to burn either 
gas or fuel oil equally well, when burned separately or simultane- 
ously. The engineer in charge of fuel conservation has only one 
opportunity to lower fuel consumption with existing equipment, 
and that is by lowering the heat losses up the stack by more 
accurate adjustment of the air-fuel ratio. The index of the air- 
fuel ratio is the percentage of carbon dioxide and oxygen in the 
flue gas, by Orsat analysis. In many instances, especially in oil 
refineries where natural gas is available, the natural gas is mixed 
with refinery gas in the refinery-gas system and this mixture of 
gas is burned in conjunction with fuel oil. Under these condi- 
tions it is difficult to calculate stack losses, or to calculate fuel 
savings made by proper adjustment of the air-fuel ratio. Also, 
it is advantageous to have a ready chart or graph, when indi- 
vidual fuels are burned, from which can be readily determined 
the percentage of stack loss when the flue-gas temperature and 
flue-gas analysis are known. 


CompBusTION Data 


To eliminate, as far as possible, the tedious and laborious 
calculations of stack losses Fig. 1 and Table 1 are presented. 
Fig. 1 shows graphically the total sensible-heat content per pound 
mol for the constituent gases of the products of combustion from 
0 F to 5000 F. Table 1 shows the total sensible-heat content 
per pound mol and per pound for the constituent gases of the 
products of combustion from 0 F to 5000 F. These data were 
calculated from equations derived from the U. S. Department of 
Commerce Bulletin No. 445.? 

The heat content per pound mol for the gases common in 
combustion work between any temperature range may be calcu- 
lated from the following equations 


= (T2 — {7.7 + 1472 X 10-*(T, + T2) — 8539 


x 10-1, + ........ [1] 

Hos, x2, co, air = (T2 — T;) {6.76 + 1683 X 10-7°(T; + T:) 
— 1337 X 10-"[(7; + — T:T:}} [2] 

Hmo = (T: — T;) {8.22 + 4165 X 10-8(T, + T:) — 1379 


where 7; = lower temperature, deg Rankine, F abs; and T, = 
higher temperature, deg Rankine, F abs. The accuracy of Equa- 
tions [1], [2], and [8] for temperature between 0 and 2500 F 
varies from 1.5 to 2.5 per cent. 

To determine the total heat content per pound of any gas it is 
only necessary to divide the total heat content per pound mol by 
the molecular weight of the gas. 

Having determined the average flue-gas analysis and average 
flue-gas temperature, the stack loss may be calculated by either 
the pound or the pound-mol system. The pound-mol system 
is the more simple method and a detailed discussion of this 
method may be found elsewhere.* From the flue-gas analyses, 


2 “Specific Heat of Gases at High Temperatures,” by E. D. East- 
man, U.S. Bureau of Mines, Technical Paper No. 445, Department of 
Commerce, Washington, D. C. 

3‘*Molal Combustion and Graphical Representation of Stack 
Losses in Burning Petroleum Fuels,”’ by O. F. Campbell, The Oil and 
Gas Journal, vol. 32, May 10, 1934, pp. 97-103. 
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SO:, AND AIR FOR A TEM- 


PERATURE RANGE OF 0 F TO 5000 


Temp, 
F co, N2 O: Air H.0 CO: SO: 
0 H 000.0 000.0 000.0 000.0 000.0 000.0 
h 000.0 000.0 000.0 000.0 000.0 000.0 
10 H 69.3 69.3 69.3 83.5 90.1 90.1 
h 2.5 2.2 2.4 4.6 2.0 1.4 
20 H 138.5 138.5 138.5 167.0 180.5 180.5 
h 4.9 4.3 4.8 9.3 4.1 2.8 
30 H 207.9 207 .9 207.9 250.6 271.2 271.2 
h 7.4 8.5 7.2 13.9 6.2 4.2 
40 H 277.2 277.2 277.2 330.4 362.1 362.1 
h 9.8 8.7 9.6 18.6 8.2 5.7 
50 H 346.6 ‘346.6 346.6 417.9 453.4 453.4 
h 12.4 10.8 12.0 23.2 10.3 Yi 
60 H 416.1 416.1 416.1 501.6 544.9 544.9 
h 14.9 13.0 14.3 27.9 12.4 8.5 
70 H 485.6 485.6 485.6 585.4 636.6 636.6 
h 17.3 15.2 16.7 32.5 14.5 9.9 
80 H 555.1 555.1 555.1 669.2 728.6 728.6 
h 19.8 17.3 19.1 37.2 16.6 11.4 
90 H 624.6 624.6 624.6 753.1 820.9 820.9 
h 22.3 19.5 21.5 41.8 18.7 12.8 
100 H 694.2 694.2 694.2 837.0 913.4 913.4 
h 24.8 21.7 23.9 46.5 20.8 14.3 
200 H 1392.2 1392.2 1392.2 1679.5 1853.5 1853.5 
h 49.7 43.5 48.0 93.3 42.1 29.0 
212 H 1476.3 1476.3 1476.3 1781.1 1968.1 1968.1 
h 52.7 46.1 50.9 98.9 44.7 30.8 
300 H 2094.1 2094.1 2094.1 2528.4 2819.7 2819.7 
h 74.8 65.4 72.2 140.5 64.1 44.1 
400 H 2800.1 2800.1 2800.1 3384.3 3811.4 3811.4 
h 100.0 87.5 96.6 188.0 6 59.6 
500 H 3509.9 3509.9 3509.9 4248.2 4828.0 4828.0 
h 125.4 109.7 121.0 236.0 109.7 75.4 
600 H 4224.0 4224.0 4224.0 5120.8 5868.8 5868.8 
h 150.9 132.0 145.7 284.5 133.4 91.7 
700 H 4942.4 4942.4 4942.4 6003.1 6934.7 6934.7 
h 76.5 154.4 170.4 333.5 157.6 108.4 
800 H 5665.0 5665.0 5665.0 6895.8 8023.5 8023.5 
h 202.3 177.0 195.3 383.1 182.4 125.4 
900 H 6392.0 6392.0 6392.0 7799.7 9135.2 9135.2 
h 228.3 199.8 220.4 433.3 207 .6 142.7 
1000 H 7123.5 7123.5 7123.5 8715.7 10269.2 10269.2 
h 254.4 222.6 245.6 484.2 233.4 160.5 
1100 H 7859.5 7859.5 7859.5 9644.7 11425.4 11425.4 
h 280.7 245.6 271.0 535.8 259.7 178.5 
1200 H 8600.0 8600.0 8600.0 10587.4 12603.0 12603.0 
h 307.1 268.8 296.6 588.2 286.4 196.9 
1300 H 9345.3 9345.3 9345.3 11544.6 13801.6 13801.6 
h 333.8 292.0 322.3 641.4 313.7 215.7 
1400 H 10095.4 10095.4 10095.4 12517.3 15020.6 15020.6 
h 360.5 315.5 348.1 695.4 341.4 234.7 
1500 H 10850.3 10850.3 10850.3 13506.8 16259.5 16259.5 
h 387.5 339.1 374.1 750.4 369.5 254.1 
1600 H 11610.2 11610.2 11610.2 14512.0 175!7.8 17517.8 
h 414.7 362.8 400.4 2 398.1 273.7 
1700 H 12375.1 12375.1 12375.1 15535.9 18795.0 18795.0 
h 442.0 386.7 426.7 863.1 427 .2 293.7 
1800 H 13145.2 13145.2 13145.2 16578.4 20089.1 20089.1 
h 469.5 410.8 453.3 921.0 456.6 313.9 
1900 H 13920.4 13920.4 13920.4 17640.3 21396.6 21396.6 
h 497.2 435.0 480.0 980.0 486.3 334.3 
2000 H 14700.9 14700.9 14700.9 18722.7 22734.9 22734.9 
h 525.0 459.4 506.9 1040.2 516.7 355.2 


the weights of the products of combustion are calculated and, by 
referring to Table 1, the heat content can be readily determined. 

For illustrating the value of stack-loss charts for petroleum 
fuels, Figs. 1, 2, 3, 4, 5, and 6 are presented. To determine the 
per cent stack loss from Figs. 2, 3, and 5, when the per cent CO» 
and the stack temperature are known, select the ordinate which 
corresponds with the known percentage of CO, and proceed 
horizontally to the right until the CO, curve is intersected, then 
proceed vertically up or down with an imaginary straight line 
until this line intersects the flue-gas-temperature line, then pro- 
ceed horizontally to the scale which gives the stack loss in per cent. 

To determine the per cent stack loss from either Fig. 4 or Fig. 6, 
when burning a mixture of known fuels and the percentages of 
CO, and O; and the stack temperature are known, the following 
nine steps are required: 

Step 1. Select the point on the per cent CO, scale in section A 
which corresponds with the known per cent CO, and proceed 
vertically upward until the line representing the known per cent 
is intersected. 


Temp, 
F CO, N2 O2 Air H:0 CO: SO: 
2100 H 15486.6 15486.6 15486.6 19826.3 24082.5 24082.5 
h 553.1 484.0 534.0 1101.5 547.3 376.3 
2200 H 16277.8 16277.8 16277.8 20951.9 25446.5 25446.5 
h 581.3 508.7 561.3 1164.0 578.3 397 .6 
2300 H 17074.5 17074.5 17074.5 22100.3 26826.3 26826.3 
h 609.8 533.6 588.8 1227.8 609.7 419.2 
2400 H 17876.7 17876.7 17876.7 23272.4 28221.2 28221.2 
h 638.5 558.6 616.4 1292.9 641.4 441.0 
2500 H 18685.0 18685.0 18685.0 24469.0 29631.3 29631.3 
h 667 .3 583.9 644.3 1359.4 673.4 463.0 
2600 H 19498.4 19498.4 19498.4 25690.9 31055.4 31055.4 
h 696.4 609 .3 672.4 1427.3 705.8 485.2 
2700 H 20317.9 20317.9 20317.9 26939.0 32493.4 32493.4 
h 725.6 634.9 700.6 1496.6 738.5 507.7 
2800 H 21143.3 21143.3 21143.3 28214.1 33944.5 33944.5 
h 755.1 660.7 729.1 1567.5 771.5 530.4 
2900 H 21974.8 21974.8 21974.8 29516.9 35408.5 35408.5 
h 784.8 686.7 757.8 1639.8 804.7 553.3 
3000 H 22812.3 22812.3 22812.3 30848.4 36884.6 36884.6 
h 814.7 712.9 786.6 1713.8 838.3 576.3 
3100 H 23655.9 23655.9 23655.9 32209.4 38372.5 38372.5 
h 844.9 739.2 815.7 1789.4 872.1 599.6 
3200 H 24505.7 24505.7 24505.7 33600.6 39871.6 39871.6 
h 875.2 765.8 845.0 1866.7 906.2 623.0 
3300 H 25361.8 25361.8 25361.8 35023.0 41381.3 41381.3 
h 922.1 792.6 874.5 1945.7 940.5 646.6 
3400 H 26224.3 26224.3 26224.3 36477.3 42901.3 42901.3 
h 936.6 819.5 904.3 2026.5 975.0 670.3 
3500 H 27093.3 27093.3 27093.3 37964.7 44430.9 44430.9 
h 967 .6 846.7 934.3 2109.2 1009.8 694.2 
3600 H 27968.8 27968.8 27968.8 39485.0 45969.7 45969.7 
h 998.9 874.0 964.4 2193.6 1044.8 718.3 
3700 H 28850.0 28850.0 28850.0 41040.1 47517.1 47517.1 
h 1030.4 901.6 994.8 2280.0 1079.9 742.5 
3800 H 29739.9 29739.9 29739.9 42630.5 49072.7 49072.7 
h 1062.1 929.4 1025.5 2368.4 1115.3 766.8 
3900 H 30635.5 30635.5 30635.5 44256.9 50635.7 50635.7 
h 1094.1 957.4 1056.4 2458.7 1150.8 791.2 
4000 H 31538.0 31538.0 31538.0 45920.3 52206.9 52206.9 
h 1126.4 985.6 1087.5 2551.1 1186.5 815.7 
4100 H 32447.5 32447.5 32447.5 47621.3 53782.9 53782.9 
h 1158.8 1014.0 1118.9 2645.6 1222.3 840.4 
4200 H 33364.0 33364.0 33364.0 49361.0 55365.9 55365.9 
h 1191.6 1042.6 1150.5 2742.3 1258.3 865.1 
4300 H 34287.5 34287.5 34287.5 51140.0 56954.4 56954.4 
h 1224.6 1071.5 1182.3 2841.1 1294.4 889.9 
4400 H 35218.3 35218.3 35218.3 52959.2 58548.0 58548.0 
h 1257.8 1100.6 1214.4 2942.2 1330.6 914.8 
4500 H 36156.4 36156.4 36156.4 54819.5 60146.1 60146.1 
h 1291.3 1129.9 1246.8 3045.5 1367.0 939.8 
4600 H 37101.7 37101.7 37101.7 56721.7 61748.3 61748.3 
h 1325.1 1159.4 1279.4 3151.2 1403.4 964.8 
4700 H 38054.5 38054.5 38054.5 58666.5 63353.9 63353.9 
h 1359.1 1189.2 1312.2 3259.3 1439.9 989.9 
4800 H 39014.9 39014.9 39014.9 60654.9 64962.6 64962.6 
h 1393.4 1219.2 1345.3 3369.7 1476.4 1015.0 
4900 H 39982.8 39982.8 39982.8 62687.7 66569.2 66569.2 
h 1428.0 1249.5 1378.7 3482.7 1512.9 1040.1 
5000 H 40958.3 40958.3 40958.3 64765.6 68187.0 68187.0 
h 1462.8 1280.0 1412.4 3598.1 1549.7 1065.4 


Nore: Data inthis table were compiled from reference given in footnote 2 
of this paper. 


Step 2. From this point of intersection of the per cent CO; 
and per cent O; in section A proceed horizontally to the left in 
an imaginary straight line until the line representing the known 
stack temperature is intersected in section B. : 

Step 3. Draw an imaginary straight line from the point 
determined in step 2 vertically downward until it intersects the 
line determined in step 6. 

Step 4. Again select the point on the per cent CO; scale in 
section A which corresponds with the known per cent CO; and 
proceed vertically downward until the line representing the 
known stack temperature is intersected in section D. 

Step 5. From the point determined in step 4 proceed hori- 
zontally left with an imaginary straight line until this imaginary 
line intersects the line representing Btu in CO,0,N: 

Step 6. From this point draw an imaginary straight line 
parallel to the lines shown in section C until this imaginary line 
intersects the imaginary line drawn in step 3. 

Step 7. From this point of intersection in section C draw an 
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Fig. 7 GENERAL CLASSIFICATION OF 


imaginary straight line horizontally to the right until this line 
intersects the line determined in step 9. This intersection will 
occur in section E. 

Step 8. Select the point on the per cent CO, scale in section F 
which corresponds with the known per cent CO, and proceed 
horizontally to the left with an imaginary straight line until this 
line intersects the curve which represents the known per cent Os. 

Step 9. From the point determined in step 8 proceed vertically 
downward with an imaginary straight line until the imaginary 
line determined in step 7 is intersected. The per cent stack loss 
is determined by comparing the point of intersection determined 
in step 9 with the scale as shown in section E. The stack loss 
may be interpolated with a fair degree of accuracy to 0.5 per cent. 

The working basis for computing Figs. 4 and 6 is 100 mols of 
dry flue gas. Section A is devoted to the water vapor produced 
when burning the hydrogen in the fuel and shows the amount of 
water vapor produced when enough fuel is burned to produce 100 
mols of dry flue gas. It is also possible to estimate closely the 
percentage of each fuel burned when only two fuels are burned. 
The O; line is subdivided by the intersection of the CO, line, and 
the proportionate subdivision of this O, line gives the approxi- 
mate proportionate amount of each of the two fuels burned. 
Section B is devoted to the total heat content of the water vapor 
produced per 100 mols of dry flue gas at the known temperature. 
Section C is devoted to the addition of the total heat in the dry 
flue gas and water vapor when enough fuel is burned to produce 
100 mols of dry flue gas. Section D is devoted to the heat con- 
tent per 100 mols of dry flue gas. Section E is devoted to the 
division of the stack loss and heat released per 100 mols of dry 
flue gas. Section F is devoted to the heat released per 100 mols 


of dry flue gas. 


CHOICE OF BURNER 


Designs of combination oil-and-gas burners are many and 
varied, as shown in Fig. 7. The engineer chooses the combina- 
tion oil-and-gas burner which appears best to him for any particu- 
lar installation and, after operating his choice, he will generally 
wish he had chosen another combination. The purchaser of 
combination oil-and-gas burners may purchase any type, or 
combination of types, desired to suit any particular furnace, or 
character of fuel oil or gas to be burned. Where funds available 
are low and fuel prices are low, the purchaser may find it to his 
advantage to buy a rather inefficient cheap burner. 


CoMBINATION O1L-AND-Gas BURNERS 


Bi-MIX TYPE 


SPECIAL AIR REGISTERS 
FOR HEAT CONTROL 
OR 
SPECIAL AIR NOZZLES 
FOR HEAT CONTROL 


The choice of a combination oil-and-gas burner presents many 
problems. The first consideration is that the burner must 
operate over a long period of time without cleaning or repair. 
The burner must also be designed for quick cleaning during 
operation with minimum outage. For wide-swinging firing 
rates, the burner must be flexible enough in capacity to meet the 
maximum and minimum loads and meet each load equally well. 
For high-temperature preheated air, the burner must be built of 
material which will withstand the preheated-air temperature. 
Air and fuel velocities should be of such magnitude that ignition 
will be satisfactory. 


REQUIREMENTS 


The fundamental requirements of the oil-burning features of 
the combination oil-and-gas burner for efficient operation are, 
first, the burner must thoroughly atomize the oil and, second, the 
atomized oil must be forced into the air stream to give a thorough, 
intimate mixture of oil with the proper amount of air. These 
results can best be obtained by oreheating the fuel oil. The fuel 
oil may be atomized mechanically, or by either high- or low- 
pressure air, or by steam. These methods of atomization arranged 
in the order of low total cost are (1) mechanical, (2) steam, (3) 
low air pressure, (4) high air pressure; the total cost includes fixed 
charges and operating costs. The fundamental requirements 
of the gas-burning feature, for efficient gas burning in combina- 
tion oil-and-gas burners, are, first, that the gas must be intimately 
mixed with the air for combustion, in order that no unburned or 
incompletely burned gas will escape from the furnace; second, 
that the burner will not plug up readily; and, third, that the 
burner should be designed for quick cleaning, with minimum 
outage and, if possible, for cleaning while in operation. 


FLAME PROPAGATION AND IGNITION 


Combustion literature reveals that flame propagation for 
gaseous fuels is low. It is, of course, necessary, when designing 4 
burner, to have the air-gas velocity greater than the speed of 
flame propagation, in order to prevent flarebacks in the burner.‘ 
The speed of uniform movement or flame propagation for meth- 
ane, using cold air in a 1-in. diameter tube, is 2.2 fps. For a 12- 
in. tube under the same conditions, the flame-propagation speed 

4‘*Fuels and Their Combustion,” by R. T. Haslam and R. P. 


Russell, McGraw-Hill Book Company, New York, N. Y., 1926, pp. 
266-271 and pp. 479-481. 
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is approximately 5.5 fps. With these low flame-propagation 
speeds, little or no trouble is encountered when designing a 
burner, since the air-fuel mixture through the burner is usually 
several times the flame-propagation speed. 

One of the more important problems in burner design is 
whether or not the burner will stay lighted, regardless of the air 
velocity through the burner itself. The air and fuel velocities 
leaving the burner must be of such magnitude that ignition will 
be certain. The author has had the opportunity to test ignition, 
using a short 6-in. tube with cold air, streamlined flow, and igni- 
tion could be maintained with an air-gas velocity of approxi- 
mately 70 fps when burning methane. It was further found, 
when burning methane with an air temperature of 750 F and 
streamlined flow through a short 6-in. tube, that ignition could be 
maintained with an air-gas velocity of approximately 160 fps. 
Under the same conditions, using turbulent flow instead of 
streamlined flow, ignition could be maintained with the air-fuel 
velocity through the tube greater than 400 fps. The turbulent 
flow was of such a nature as to cause the air-and-gas mixture to 
expand quickly after emerging from the end of the tube, which 
slowed down the velocity and allowed ignition to take place. In 
most cases, high velocities of the air-fuel mixture are neither 
necessary nor economical at the present time, except in special 
cases, but what may now be the exception may later be the rule. 
It appears that ignition is a function of velocities, turbulence, and 
temperature after the air-fuel mixture has passed through the 
burner and not a function of the air and gas velocities through 
the burner. 


BURNER Trous_es Not RECOGNIZED 


Many a solid or an air-cooled refractory wall has failed due to 
uneven heat distribution and the refractory has been blamed. 
Boiler waterwall blocks have disintegrated prematurely because 
of uneven heat distribution in the furnace, due to either burner or 
wind-box design. Improper mixing of air and fuel has resulted in 
long flames, delayed combustion, high localized hot spots in the 
furnace, and over-all inefficient operation. A poorair-fuel mixture 
has caused furnace pulsations, which eventually caused failure of 
furnace walls, trouble with forced- and induced-draft fans, uneven 
steam output from boilers and, in one known case, the furnace 
vibration was so great as to cause the breaking of the glass in 
the windows of the building. The blame for these troubles is 
usually placed upon everything but the burner, and the burner is 
usually the cause. The author has investigated many trouble 
jobs where the fuel oil was supposed to be the cause of the trouble, 
and in every case the trouble was corrected by changing either 
the burner or the furnace and continuing to use the same fuel oil. 
These experiences have prompted the author to work with the 
burner manufacturer to make a better new burner and to revamp 
old burners to give satisfactory results. Some types of burners do 
not provide the proper turbulence or intimate air-fuel mixture 
and must use a better grade of fuel oil for satisfactory results. 
It has been the author’s experience that any grade of fuel oil that 
can be delivered to the burner will burn satisfactorily, provided 
the burner design is correct. 


DEscRIPTION AND DiscussION OF SOME REPRESENTATIVE TYPES 
oF INDUSTRIAL COMBINATION O1L-AND-GAs BURNERS 


There are many types of combination oil-and-gas burners 
available and a few representative types are herewith presented 
for description and discussion. It would be impossible to present 
in a single paper all types of industrial combination oil-and-gas 
burners on the market; therefore, the author is presenting some 
of those with which he is more familiar. An impartial discussion, 
including both favorable and unfavorable characteristics of each 
burner described, is presented. There may be more favorable 
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or more unfavorable characteristics than presented for each type 
and opinions may differ, but it is hoped that this paper will pre- 
sent construction and operating characteristics, whereby the 
purchaser may make a more intelligent selection of a combination 
burner for any particular installation. 

Fig. 8 shows a combination oil-and-gas burner, which may be 
used with natural or forced draft and hot or cold air. The gas- 
burning feature consists of a cast-iron or alloy cellular block pro- 
tected by a cellular refractory tile. The cast block and the 


Fig. 8 ComBINATION O1L-AND-Gas BuRNER Has a Muttt- 
Jet Nonpremix Gas BURNER AND STEAM-ATOMIZING O1L BURNER 
Wits Trep—USseEp For Forcep or NaTuRAL DrarFt anv Hort 
or AIR 
(Courtesy of Lee B. Mettler Company, Los Angeles, Calif.) 


refractory tile have a number of round holes, or cells, through 
which the air for combustion passes. The gas is introduced at 
the entrance of the protecting tile through two or more drilled 
nozzles or jets. The burner usually operates on only a few 
ounces of gas pressure and requires low draft when burning gas, 
due to the aspirating effect of the gas jets. A cast-alloy block 
may be used to replace the refractory protecting block. The 
burner may be equipped with premixers, but to do so requires 
enlargement of the air-gas jets to compensate for the increased 
volume of air-gas mixture passing through the jets. Other 
burners of this type use a single gas jet placed in the center of 
each air-gas port and may use air-gas cells other than round. 
There are many modifications of this type of burner, some of 
which incorporate the venturi principle of air injection. The oil- 
burning feature of this burner may be either a mechanical-pres- 
sure type or a steam-atomizing oil burner with round tip. The 
steam-atomizing burner may have either a drilled or a slotted 
flat tip. The author prefers a flat-flame oil-burner tip for this 
type of burner. This type of burner can operate with low excess 
air, due to the large number of small air-gas ports. When clean, 
it provides a very good air-gas mixture. Due to the small, in- 
accessible gas chambers, it is difficult to clean and has a tendency 
to plug up when using dirty gas and more especially so when using 
preheated air. The refractory protecting tile has a tendency to 
get out of position with respect to the casting, unless carefully 
installed. This type of burner has a wide application and varies 
in capacity for the various sizes from 500,000 Btu per hr for the 
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smaller size to approximately 13,000,000 Btu per hr for the larger 
size. 

Fig. 9 shows a combination oil-and-gas burner to be used with 
natural draft. The gas-burning feature is of the bimix type and 
has a two-section cast-iron or alloy drilled spider, and each sec- 
tion of the spider is equipped with a premixer. The premixer is 
of the same general design as used in domestic stoves, only it is 
built on a larger scale and uses high-pressure gas to provide the 
premixing. Either a mechanical-pressure type or a steam- 
atomizing, drilled, round-tip oil burner may be used for the oil- 
burning feature of this burner. A flat slotted-tip oil burner may 
also be used. The advantages of this type of burner are: Its 
simplicity, ease of ignition, its ability to better handle gas of high 
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Fic. 9 ComBInaTION O1L-AND-Gas BuRNER Wuicu Has a Two- 
Section Premrx Drittep Gas SPIDER AND A STEAM-ATOMIZING 
INTERNAL-Mrx O11 BURNER WITH A RounpD DRILLED T1p—USED FOR 
NATURAL Drart AND CoLp AIR 
(Courtesy of John Zink Company, Tulsa, Okla.) 


calorific value, wide range of flexibility, does not plug up readily, 
and is easily cleaned. Dust-laden air has a tendency to plug up 
the premixer and during extremely cold weather, when it is used 
outside, it has a tendency to freeze up the premixer. For 
natural draft, the burners are usually limited in capacity to 
approximately 25,000,000 Btu per hr, and usually a number of 
smaller-capacity burners are used instead of the larger ones. 
This burner may be used with forced-draft hot air with more 
satisfactory results at higher capacities than for natural draft. 
Fig. 10 shows a combination oil-and-gas burner for use with 
natural draft. The gas-burning feature of this combination oil- 
and-gas burner is of the venturi premix type and usually requires 
gas pressure from 0.5 to 30 lb per sq in. gage. The gas nozzle is 
equipped with a flame-retention ring for positive ignition without 


the use of baffles or ignition tunnels. This burner utilizes the, 
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energy of the gas pressure to accomplish the mixing of the air and 
gas and, when burning gas only, no blowers or air compressors 
are required, even with the furnace operating under a slight pres- 
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Fig. 10 ComBINATION OIL-AND-Gas BURNER Wuicu Has AN OpEn- 

Port Premrix Gas BuRNER WITH AN ADJUSTABLE AIR SHUTTER AND 

A STEAM-ATOMIZING INTERNAL-M1x BURNER WitH A Rounp- 
Howie Tip—Usep ror Natural Drarvt anp AIR 
(Courtesy of Maxon Premix Burner Company, Muncie, Ind.) 


Fic. 11 Compination On-anp-Gas Burner Has a ME- 
CHANICAL Premix Gas BuRNER WITH AN ADJUSTABLE AIR DAMPER 
AND A Rotary-Cup MeEcHANICAL-ATOMIZING O1L BURNER—USED 
FOR SEMIFORCED Drart AND CoLp AIR 
(Courtesy of Williams Brothers and Miller, East Chicago, Ind.) 
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sure. When burning gas, with the furnace operating under a 
slight pressure, the capacity of the burner is reduced approxi- 
mately two thirds. The oil-burning feature of this burner con- 
sists of a steam-atomizing internal-mixing oil burner with a 
round-hole tip, although narrow-angle flat slotted tips may be 
used. When burning fuel oil, auxiliary air is required and is 
usually obtained by opening auxiliary-air doors under the burner 
nozzle. This burner can also be readily converted to use forced- 
draft hot air. The maximum size of this burner available is 
limited to approximately 14,000,000 Btu per hr, but the author 
presumes that larger sizes could be built if desired. The dis- 
advantages of this type of combination oil-and-gas burner are: 
Its large size with respect to capacity, necessity of using high gas 
pressure, possibility of the aspirator plugging up with dust-laden 
air and freezing up at extremely low temperatures when used 
outside. The advantages of this type of burner are: Flexibility, 
intimate mixing of air and gas over wide ranges without blowers 
or compressors, and ability to retain ignition, handle gas of high 
calorific value, and produce high rates of heat release per cubic 
foot of furnace volume. 
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Fic. 12) Comprnation O1n-anp-Gas BurNER Wuicu Has a Two- 
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Fig. 11 shows a combination oil-and-gas burner using cold air, 
semiforced draft, a mechanical premix gas burner, and a rotary- 
cup mechanical-atomizing oil burner. The oil is delivered to the 
rotary cup through the hollow motor shaft and atomized by the 
rotary cup and low-pressure air delivered around the cup by 
means of a fan having a speed the same as the cup. Secondary 
air is admitted into the furnace through a brick checkerwork floor. 
When burning gas, the gas is admitted into the suction of the fan 
along with the air used for aiding in the atomization of the oil. 
The gas and air to the burner may be controlled automatically, 
if desired, but is usually controlled manually. The advantages 
of this type of combination burner are: Its ability to handle any 
grade of fuel oil that can be delivered to the burner, or gas of any 
calorific value at any pressure that may be available. The main 
disadvantage is, the difficulty of adjustment of the air-gas ratio 
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leaving the burner to prevent flarebacks in the: burner. This 
type of burner is best applied to installations where on-and-off 
control is satisfactory. The air-gas ratio is set for safe operation 
and the burner operates at full load or at no load. The maximum 
capacity of this type of burner built to date is approximately 
13,000,000 Btu per hr for gas and 16,000,000 Btu per hr for fuel 
oil. There appears to be no reason why this burner cannot be 
built with greater capacity if desired. 

Fig. 12 illustrates a combination oil-and-gas burner equipped 
to use hot or cold air with forced draft. The gas-burning features 
are: A two-section cast-iron or alloy drilled gas ring, not equipped 
with premixers. For presentation of the design, the gas-ring 
protecting refractory tile is omitted for this and the following 
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illustrations where protecting tile is required. The oil-burning 
feature of this burner consists of a mechanical-pressure type oil 
burner. The forced-air supply for the burner is delivered through 
an adjustable air register to provide turbulence. There are many 
variations in design of this type of burner, such as: (1) Different 
design of gas ring, (2) different design and size of deflectors, (3) 
different number and pitch and curvature of air register vanes, 
and (4) different design of fuel-oil nozzles. This type of burner 
may also be used with a steam-atomizing oil burner. The dis- 
advantages of the design presented are: (1) Plugging up of gas- 
ring ports when using dirty gas, (2) difficulty in cleaning and 
replacing the gas ring, (3) lack of flexibility when burning fuel oil, 
due to the mechanical fuel-oil atomization, and (4) inability to 
control heat distribution in the furnace. The advantages of the 
design presented are: (1) Forced draft, with its attendant high 
capacity, and (2) an adjustable air register to provide a variation 
in turbulence for variations in fuel-oil or gas-burning rates. The 
usual designed capacities vary from 10,000,000 to 50,000,000 Btu 
per hr, but can be designed for greater capacity. 

Fig. 13 illustrates a combination oil-and-gas burner equipped 
to use forced or natural draft and hot or cold air. The gas-burn- 
ing feature of this design consists of a four-section nonpremix 
drilled gas ring. The shape of the gas ring is designed to conform 
to the venturi burner throat. The oil-burning feature of this 
burner consists of a steam-atomizing internal-mix oil burner with 
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drilled oil-burner tip. The air register is of special design and 
provides turbulent air flow through a venturi burner throat. An 
adjustable vane control is incorporated to allow air to pass im- 
mediately around the oil-burner tip, when using fuel oil. The 
advantages and the disadvantages of this type of burner are 
approximately the same as given for Fig. 12. 

Fig. 14 illustrates a special type of combination oil-and-gas 
burner designed for use with 1000 F preheated air and heat- 
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(Courtesy of the Peabody Engineering Corporation, New York, N. Y.) 


distribution control. The gas-burning feature consists of a six- 
section, half-open alloy gas ring. Each section of the gas ring is 
equipped with a premixer and the air-gas mixture from the pre- 
mixer enters the gas ring tangentially, providing a rotary motion 
in the open gas ring. The oil-burning feature consists of a steam- 
atomizing internal-mixing oil burner with a flat drilled tip. 
Other designs of drilled tips are also satisfactory. The air register 
consists of adjustable curved blades to provide turbulence, and is 
equipped with special auxiliary dampers for heat-distribution 
control in the furnace. The advantages of this burner are: (1) 
It has premixers to handle gas of high calorific value, (2) it has an 
open-type gas ring, which eliminates plugging of gas ring, (3) the 
premixer can be removed and the turbine can be run through one 
section of the gas ring during operation without interrupting the 
remaining five sections of gas ring, (4) it has an adjustable air 
register for controlling turbulence for both high and low firing 
rates, (5) flexibility, and (6) it has auxiliary air dampers for heat- 
distribution control in the furnace. The disadvantages of this 
type of burner are: (1) High-pressure gas is required for premix- 
ing, (2) premixers plug up with dust-laden air and freeze up when 
extremely cold air enters aspirators, (3) mechanical difficulties 
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are encountered when adjusting the air dampers, and (4) high 
wind-box pressures are required to obtain capacity and heat- 
distribution control. The maximum capacity of this special 
design of burner is between 55,000,000 and 60,000,000 Btu per hr, 
but smaller-capacity burners may be designed with satisfactory 
operating results. 

Fig. 15 shows another type of combination oil-and-gas burner 
designed for use with 1000 F preheated air and heat-distribu- 
tion control. The gas-burning feature consists of a six-section 
drilled nonpremix gas ring. The fuel-oil-burning feature con- 
sists of a steam-atomizing internal-mixing drilled cone-tip oil 
burner. The air register has fixed blades, or vanes, and is 
equipped with special auxiliary dampers for heat-distribution 
control in the furnace. The auxiliary dampers cover or uncover, 
as desired, the fixed air register to obtain heat distribution. The 
main disadvantage of this burner is plugging up of the gas ring. 
Its maximum capacity is approximately 55,000,000 to 60,000,000 
Btu per hr. 

Fig. 16 shows a special type of combination oil-and-gas burner 
designed for use with 1100 F preheated air, with a capacity of 
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100,000,000 Btu per hr, and for firing downward. The gas-burning 
features consist of 12 curved alloy air tubes, or nozzles, inserted 
through and resting upon a 12-section alloy bottom plate. Each 
air nozzle is equipped with a fixed air register, as shown in the air- 
nozzle detail. The air supply to each nozzle is controlled by 4 
circular damper inside of each register. This damper can be 
moved up or down by the damper control wheel. The gas is 
delivered to the center of each air nozzle by means of a gas pipe 
inserted through the individual damper-control pipes. The 
ends of the gas-supply pipes are welded and drilled, as shown in 
the gas-tip detail. The air nozzle can be rotated by means of & 
nozzle-control wheel through an angle of 360 deg to obtain heat 
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distribution to any part of the furnace. The 12-section alloy 
bottom plate is suspended by alloy rods bolted to the top of the 
wind box. In the center of the bottom burner plate is a manhole 
damper, which can be raised or lowered as required for additional 
air supply and also for heat-distribution control. The manhole 
damper is suspended from three points and can be tilted 
for additional control of heat distribution. The oil-burning 
feature of this combination oil-and-gas burner consists of three 
internal-mixing steam-atomizing oil burners equipped with drilled 
cone tips. When burning fuel oil only, the air nozzles and man- 
hole damper are adjusted to provide heat distribution. The 
main advantage of this type of combination oil-and-gas burner is 
heat-distribution control at high capacity. The burner is also 
able to operate at low capacity with low excess air and satisfac- 
tory heat distribution. The main disadvantages are: The gas 
tips become plugged when using dirty gas, and high wind box and 
gas pressures are required. Although this type of burner has 
only been in operation for a short period of time, it appears that 


+. 


AIR NOZZLE 
DETAIL 


INSULATION 
RTICAL 
| ADJUSTABLE 
MPER 
AIR NOZZLE 


Fic. 16 Spectat-ALLoy COMBINATION O1IL-AND-GAs BuRNER WHICH 
Has 12 DaMpEeRED Frxep-ReGIsTeR CAPABLE OF 360- 
Dee Rotation, SpeciAL Drittep NonPrREMIX Gas-BURNER TIPS, 
THREE INTERNAL-Mrx BurNeRS WITH 
DRILLED Cone Tips, AND AN ADJUSTABLE CENTER MANHOLE FOR 
Seconpary-Arr FoR Forcep Drart anp Hor AIR 
(Courtesy of Coen Company, Inc., San Francisco, Calif.) 


CAMPBELL —COMBINATION OIL-AND-GAS BURNERS 467 


ROUND HOLE TIP 


© 


ROUND HOLE TIP 


DRILLED TIP 


STEAM ATOMIZING EXTERNAL 
MIXING OIL BURNER 


COURTESY OF NATIONAL BURNER CO. 


STEAM ATOMIZING INTERNAL MIXING OIL BURNERS 


Fic. 17 Deratts or Various BURNERS AND BuRNER Tips 


maintenance will be low, regardless of the high-temperature air 
used. 

Fig. 17 illustrates some of the various designs of oil burners and 
oil-burner tips used in conjunction with combination oil-and-gas 
burners. 

There are other combination oil-and-gas burners available, 
which are equally as good as those illustrated in this paper, but 
lack of time and space prevents further illustrations. It is hoped 
that this paper will aid the combustion engineer toward a better 
understanding of the calculations of stack losses, when burning 
two or more petroleum fuels simultaneously, and aid the pur- 
chaser of gas-and-oil-burning equipment to make a more intelli- 
gent selection for any particular installation. 
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The Behavior of Sodium Sulphite in 


High-Pressure 


Steam Boilers 


By R. M. HITCHENS,' ST. LOUIS, MO., ano J. W. PURSSELL, JR.,? BOSTON, MASS. 


1 Testsfor sulphite and sulphitein condensed steam and 
for sulphide in boiler water are described, which tests are 
sensitive to 0.01 ppm as sulphur. 

2 By these tests, it was found that no hydrolysis of 
sodium sulphite occurs up to a boiler pressure of 1775 lb 
per sq in. 

3. Tests on water in boilers operating at 675 and 1400 
lb per sq in. pressure showed no auto-oxidation and reduc- 
tion of sodium sulphite in such waters. Tests on a third 
boiler, carrying a pressure of 1775 lb per sq in., showed 
slight traces of such a reaction. The slowness of sulphite 
consumption in the three boilers precludes any significant 
auto-oxidation and reduction at the metal surfaces. 


final step in the deoxygenation of water in high-pressure 
boilers has given rise to considerable discussion as to its 
freedom from side reactions. 

Since sodium sulphite is a salt of a strong base and a relatively 
weak acid, it might undergo hydrolysis at boiler temperatures 
to form sodium hydroxide and sulphur dioxide, the latter being 
carried into the steam as a gas. It is doubtful if such a reaction 
occurs. It is not possible to boil sulphur dioxide out of even a 
concentrated sodium-sulphite solution at atmospheric pressure 
and at pH values as low as 9. The work of Johnstone, Read, and 
Blankmeyer® indicates that the partial pressure of sulphur dioxide 
over aqueous solutions of sodium sulphite is vanishingly smail at 
pH values above 7. Experiments by a large central-station 
company‘ have indicated no hydrolysis in an experimental-labo- 
ratory boiler at a pressure of 1200 lb per sq in. with 100 ppm of 
sodium sulphite in the water. 

At 1100 F or above, solid sodium sulphite undergoes auto-oxi- 
dation and reduction to sodium sulphate and sodium sulphide 
according to the equation 


4Na,SO; —> 3Na.SO, + NadS............ {1] 


Laboratory experiments by a central-station company‘ have in- 
dicated no such reaction in a 1 per cent solution of sodium sulphite 
in glass in a laboratory bomb at steam temperatures of 490 F 
(600 lb per sq in. pressure). Decomposition did occur in the 
presence of cupric or cuprous oxide. Iron oxide promoted the 
same reaction slowly. With the copper oxides, the final products 


"Lins PRESENT extensive use of sodium sulphite for the 
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‘ Private communication. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting of THe AMERICAN Society oF MECHANICAL EN- 
GINEERS, held in St. Louis, Mo., June 20-23, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
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This is opposed to certain laboratory data which indicate 
that this reaction is of the first order and rapid at high 
temperatures. 

4 Of the small amounts of sodium sulphite carried into 
the steam mechanically, a portion decomposes to sulphate 
and sulphide as the spray of water becomes concentrated 
or dried. The amounts present, however, are too small 
to be of significance. 

5 In view of these findings, it is the authors’ conclusion 
that sodium sulphite can be used in high-pressure boilers 
with no harmful effects. 

6 A continuous feed to maintain 10 to 20 ppm sodium 
sulphite in the boiler water is recommended. 


were cuprous sulphide, sodium sulphate, and sodium hydroxide, 
the amounts of each formed indicating that the following irre- 
versible reactions occurred 


H,0 + Cu,0 + 4Na.SO; —> 3Na,SO, + Cu.S + 2NaOH. . [2] 
H,O + 2CuO + 5Na,SO; —> 4Na,SO, + + 2NaOH. . [3] 


Schroeder, Berk, and Partridge’ studied the reaction between 
finely divided iron and 0.5 per cent solutions of sodium sulphite 
in steel bombs at 250 C (492 F). They found considerable oxi- 
dation of the iron by the sulphite, but no evidence of auto-oxida- 
tion and reduction of the sulphite to sulphate and sulphide. 

Taff, Johnstone, and Straub* described experiments with 0.4 
per cent solutions of sodium sulphite in steel bombs at tempera- 
tures up to 600 F. They found rapid auto-oxidation and re- 
duction at temperatures of 540 to 600 F, the rate conforming to 
the equation for a first-order reaction. At temperatures below 
540 F, the reaction ceased entirely. 

The authors carrying out experiments on a boiler in actual 
operation at a pressure of 1400 lb per sq in. were unable to 
confirm these findings. They could account for not over 35 
per cent disappearance of sodium sulphite in 44 hours from all 
possible reactions, including that with dissolved oxygen, and had 
no evidence whatever of auto-oxidation and reduction to sul- 
phate and sulphide. The bomb tests of Taff, Johnstone, and 
Straub‘ at this same temperature indicated that a disappearance of 
35 per cent of the sodium sulphite should have occurred in about 

1 hr. This shows that the auto-oxidation and reduction of 
sodium sulphite in solution is actually not of the first order as 
Taff, Johnstone, and Straub® suppose. 

This situation emphasizes the desirability of further study and 
of tests on operating boilers. It is hoped that a detailed descrip- 
tion of the methods of test will stimulate such testing. It is the 
purpose of this paper, therefore, to describe in complete detail 
methods of testing boiler water and steam for as little as 0.01 ppm 
sulphite or sulphide, as sulphur and to tabulate data obtained 


5 ‘Effect of Solution Composition on the Failure of Boiler Steel 
Under Static Stress at 250 C,”’ by W. C. Schroeder, A. A. Berk, and 
E. P. Partridge, Proceedings of the A.S.T.M., vol. 36, part 2, 1936. 

“Decomposition of Sodium-Sulphite Solutions at Elevated Tem- 
peratures, by W. O. Taff, H. F. Johnstone, and F. G. Straub, 
Trans. A.S.M.E., vol. 60, April, 1938, paper RP-60-6, p. 261. 
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with these sensitive tests on boilers in operation at pressures of 
675, 1400, and 1775 lb per sq in. 


1—TEST METHODS 


(A) Su_pHipEs BorLeR WaTeR AND CONDENSED STEAM 


Principle. The method depends upon the use of sodium plum- 
bite to effect a measurable color upon reacting with small amounts 
of sulphides according to the equation 


Na:PbO, + NaS + 2H,O —> PbS + 4NaOH...... [4] 


Reagents. (a) Lead-acetate solution, 1 g per 100 ml of water, 
plus sufficient sodium-hydroxide solution, 20 g per 100 ml of 
water, to redissolve the precipitate. 

(b) Sodium-hydroxide solution, 20 g per 100 ml of water. 

(c) Sodium-sulphide solution, approximately 0.0005 N.  Dis- 
solve about 0.065 g of sodium-sulphide decahydrate, in 1 1 of dis- 
tilled water previously gassed with hydrogen to remove dissolved 
oxygen. Standardize this solution as follows: Place 2 ml of 
0.01 N iodine solution in a 125 ml Erlenmeyer flask, add 1 ml of 
0.5 per cent solution of soluble starch, titrate to the disappearance 
of the blue color with the sodium-sulphide reagent. Each 0.10 
ml of a 0.0005 N solution of sodium sulphide corresponds to 
0.016 ppm of sulphur if added to a 50-ml sample. This sodium- 
sulphide solution is extremely unstable, the sulphide being readily 
oxidized in the air. It must be used within 30 min after its 
preparation. 

Apparatus. Select 50-ml tall-form Nessler tubes carefully 
matched for tint of glass, height of mark, and clarity. This is 
done by wrapping the tubes with dull black paper and comparing 
them when full of distilled water against a white background held 
diagonally below the tubes and pointing toward a north window 
if possible. 

Method of Test. Place 50 ml of the sample in each of two tubes, 
and add 2 ml of 20 per cent sodium-hydroxide solution to each, 
mix carefully and compare. The tubes should be identical. If 
so, add 1 ml of sodium plumbite to one tube, mix, and again com- 
pare. Ifthe tube containing sodium plumbite appears darker, the 
amount of sulphide present can be estimated as follows: Fill a 
third matched 50-ml Nessler tube with distilled water, add 2 ml 
of sodium hydroxide and 1 ml of sodium plumbite and mix. 
Compare with the sample containing no sodium plumbite. If 
the latter should appear slightly darker, add sodium-sulphide 
solution to the distilled-water sample, 0.05 ml at a time, using a 
micropipette, graduated to at least 0.01 ml, mix after each addi- 
tion and repeat until the colors in the two tubes appear identical. 
Compare the color in the distilled-water tube with that in the 
tube containing the boiler-water sample and sodium plumbite, 
adding sodium-sulphide solution again in 0.05-ml increments to 
the former until the two are matched in color. From the amount 
of sodium-sulphide solution added, the sulphide content of the 
water may be estimated. Each 0.10 ml of 0.0005 N sodium-sul- 
phide solution is equivalent to 0.016 ppm of sulphide as sulphur 
in a 50-ml sample. 

In a colorless water this method is sensitive to 0.01 ppm sul- 
phide as sulphur, even in the presence of 100 ppm sodium 
sulphite. 


(B) SuLPHIDE IN CONDENSED STEAM 


Principle. Compounds in which this element possesses an 
oxidation number of +4 or less are reduced to sulphide with 
aluminum and sodium hydroxide. The sulphide is converted to 
hydrogen sulphide, evolved as a gas and caught on a lead-acetate 
strip, producing a brown-black stain the area of which is propor- 
tional to the amount of hydrogen sulphide. Sulphates are not 
detected. 
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Reactions. The reactions are 
Na.SO; + 2Al + 2NaQH —> NaS + 2NaAlO, + . [5] 
NaS+2HCl 4HS+2NaCl......... [6] 
H.S + Pb (C,H;O2). —> PbS + 2HC,H;0;....... [7] 


Apparatus. The apparatus used in this method is shown in 
Fig. 1. It consists of a 500-ml reaction flask fitted with inlets 
for the sample, inert gas, and hydrochloric acid. An outlet tube 
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Fig. 1 


for the lead-acetate strip is connected to the flask through a re- 
flux condenser. 

Reagents. (a) Sodium-hydroxide solution, 20 g of sodium 
hydroxide (A.R.) per 100 g of distilled water. 

(6) Hydrochloric acid ep 36 per cent by weight. 

(c) Aluminum strips, 6 X 50 mm of '/;.-in. pure sheet alumi- 
num, sulphur-free. (J. T. Baker material has been found to be 
satisfactory.) 

(d) Hydrogen, commercial compressed gas. 

(e) Nitrogen, commercial compressed gas, water-pumped. 

(f) Absorbent cotton, medicinal quality. 

(g) Filter-paper strips, 4 mm wide and 15 cm long of Whatman 
No. 50 paper, immersed in a solution of neutral lead acetate, | 
g per 100 ml and kept in this solution protected from the air 
until needed. 

(h) Standard sodium-thiosulphate solution 0.1 N standardized 
against potassium dichromate or iodate by the customary meth- 
ods. 

(t) Standard sodium-thiosulphate solution 0.001 N. Dilute 
1.00 ml of 0.1 N thiosulphate to 11 in a volumetric flask using 
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freshly boiled and cooled air-free water. Use the solution 
promptly. If it stands much over 1 or 2 hr, it may begin to air 
oxidize; 1 ml of this solution contains 0.0064 mg of sulphur. 

Procedure. Place 20 ml of 20 per cent sodium-hydroxide solu- 
tion and 30 ml of distilled water in the 500-ml flask. Place a 4-cm 
plug of absorbent cotton in the bottom of the reflux condenser to 
absorb spray. Add to the flask four strips of aluminum, pre- 
viously cleaned by treating for a moment with concentrated hy- 
drochloric acid. Connect the condenser to the flask. Pass in 
hydrogen or nitrogen from a cylinder of the compressed gas 
through the side arm with tip leading to the bottom of the flask. 
Sweep the flask at a moderate rate for 15 min with the stop- 
cocks to the inlets open. Close the stopcocks and disconnect the 
gas line. Connect the three-way stopcock of the sample inlet to 
the sampling line, through which a steady stream of condensate 
has been flowing for 15 min. Use a short piece of sulphur-free 
gum tubing to effect the connections, butting the glass and 
metal tubing. Allow the water sample to flow to waste through 
the three-way stopcock for 2 or 3 min, then introduce 300 ml of 
water into the flask, to a precalibrated mark at 350 ml (300 ml 
of sample plus 50 ml of alkali). Connect the reflux condenser to 
a source of cold water. Allow the alkaline solution to react with 
the aluminum for 15 min. During this time, have 65 ml of con- 
centrated hydrochloric acid in a 100-ml graduated cylinder with a 
strip of aluminum added to sweep the acid free from oxygen. 
Press one of the lead-acetate strips lightly between filter paper 
and hang it, while still moist, in the outlet tube. Then add the 
65 ml of acid to the acid-inlet reservoir and run it immediately 
into the flask. Allow the steady stream of hydrogen from the 
acid and aluminum to evolve the hydrogen sulphide slowly. 
The rate of evolution is important and must be controlled so that 
the lead-sulphide deposit is homogeneous and continuous. Too 
rapid a gas flow gives a long, pale stain impossible to evaluate. 
This may be prevented by cooling the flask in running water. 
Ordinarily, when the temperature of the sample of condensed 
steam is from 75 to 90 F when taken, the rate will be correct 
without heating or cooling. After 1 hr, remove the strip and 
measure the length of the stain in millimeters on each side and 
add the results. For best reproducibility, measure only the shiny 
black portion of the stain and disregard the small length over 
which it tapers to white. Do not attempt to evolve the hydrogen 
sulphide with the apparatus in a location subjected to the heat of 
the boilers as this may cause the paper to become dry. The 1-hr 
reaction period is only approximate and may need to be extended 
to 1.5 hr if the evolution of hydrogen is too slow. 

The amount of reducible sulphur is estimated by comparison 
of the stain with that produced under similar conditions with 
known amounts of sulphur. These known amounts may be 
added as sodium sulphide or sulphite. Unfortunately these com- 
pounds are so easily air-oxidized that it is extremely difficult to 
introduce them without serious loss. It is much more conven- 
ient and equally valid to use sodium thiosulphate solutions, 
prepared as stated previously, as the source of the known amounts 
of sulphur. The procedure for producing these stains is as fol- 
lows: Introduce 20 ml of alkali, 30 ml of water, and four alumi- 
num strips into the 500-ml flask. Add 300 ml of freshly boiled 
and cooled water which has been gassed with hydrogen through- 
out cooling. Sweep out with hydrogen or nitrogen as described 
previously. Place 5 ml of 20 per cent sodium-hydroxide solu- 
tion and 15 ml of the boiled, cooled water in the acid-inlet fun- 
nel; also, add a strip of aluminum to maintain an inert atmos- 
phere. Allow it to react for 5 min. From a micropipette, add 
to the inlet funnel the volume of 0.0001 N thiosulphate needed 
to give the required amount of sulphur. Run the mixture im- 
mediately into the reaction flask. Allow it to reduce for 15 min, 
then add the 65 ml of acid and proceed precisely as for a sample of 
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condensed steam. Measure and record the lengths of stains as 
before. 


TABLE 1 STAIN LENGTHS FOR KNOWN AMOUNTS OF 
SULPHUR 


Sulphur on 
Known amount of sulphur a 300-g Length of 
Added as eight, mg sample, ppm stain, mm? 
Blank 0.000 0.000 0.5-1.0 
Na2S203 0.003 0.010 3.0 
NazS203 0.005 0.017 7.0 
NaS 0.006 0.020 7.0 
NazS:03 0.010 0.033 16.0 
NazS:03 0.015 0.050 30.0 
Na:z8203 0.020 0.067 50.0 


pet. Length of stain taken as the sum of the stain on each side of a strip 4 mm 


Using the previously mentioned procedure and apparatus, the 
typical standard stains given in Table 1 were obtained. These 
might well be used as standards without further rechecking 
since they are in good agreement with several similar sets of 
stains obtained by various operators over a period of time. There 
is no linear relationship between the length of the stain and the 
amount of sulphur. Therefore, the method is empirical. Like 
many such sensitive tests, it is more sensitive than reproducible. 
In its useful range, it is no more precise than between 20 and 30 
percent. It is sensitive to 0.01 ppm sulphur. 

This test is so sensitive that extreme precautions are necessary 
to insure reagents free from sulphur. It is imperative to run 
blanks with all of the reagents and to repeat this blank deter- 
mination each time a reagent is renewed. Blank stains must be 
no more than 0.5 to 1.0mm. Clean and dry the apparatus after 
each determination. Each day clean the condenser and outlet 
tube with concentrated nitric acid to remove any lead acetate 
adhering to the glass. Keep all reagents carefully covered and 
use care in rinsing the measuring apparatus. Distilled water 
should not be delivered through rubber tubing as this is often a 
source of sulphur. 


(C) SuLpHipes IN CONDENSED STEAM 


The foregoing discussion has considered the determination of 
both sulphites and sulphides. It would be highly advantageous 
to determine only sulphides. For this, two sensitive methods 
are available: (1) Colorimetric-lead-sulphide method which was 
described previously; and (2) evolution as hydrogen sulphide 
and conversion to lead sulphide. 

Principle. Condensed steam may be acidified, swept with an 
inert gas, preferably nitrogen, and the hydrogen sulphide evolved 
and collected on a strip of lead-acetate paper as described 
previously. 

Reactions. The reactions involved are indicated by the follow- 
ing equations 


NaS + HSS +2Na‘t............ [8] 
H.S Pb(C.H;02)2 PbS + 2HC,H;0, [9] 


Preliminary work indicated the method to be equally as sensitive 
as for total reducible sulphur, provided the gas used is oxygen-free 
and the sample is at all times kept free from contact with the air. 
The same standards can be used as in the method for total re- 
ducible sulphur. The method is sensitive to 0.01 ppm of sul- 
phide as sulphur on a 300-g sample. 

Reagents. The reagents used are the same as for total reducible 
sulphur, plus the following: 

(a) Nitrogen, commercial compressed gas, water-pumped. 

(b) Pyrogallol, U. 8. P. XI. 

(c) Alkaline pyrogallol, 20 g NaOH, and 50 g pyrogallol per 
100 ml. 


Alkaline pyrogallol scrubbers. These can be made of three 


fh 

a 

4 

=) 

By 

q 

| 
| 

“4 
q 
q 
‘3 
<q 
4 
d 
§ 
a 
4 . 
4 
a 
4 
3 
4 
i 
& 
ha 
4 


472 TRANSACTIONS OF THE A.S.M.E. 


ordinary bubbling bottles in series or preferably from three spiral 
liquid scrubbers. 

Procedure. Clean and dry the apparatus shown in Fig. 1. 
Place a 4-cm plug of absorbent cotton in the bottom of the con- 
denser. Connect the inlet tube to the outlet from three alkaline 
pyrogallol scrubbers in series connected in turn to a cylinder of 
nitrogen. Sweep the apparatus thoroughly with nitrogen for 
15 to 20 min. While still passing in nitrogen, connect the three- 
way stopcock to the sampling tube carrying the steam conden- 
sate. Run in 300 ml of the sample to a previously calibrated 
mark on the flask, add 5 ml of hydrochloric acid previously gassed 
with hydrogen by the addition of a strip of aluminum; the metal, 
of course must not be added. Place a strip of lead-acetate paper, 
pressed between filter paper but still moist, in the outlet tube. 
Evolve nitrogen slowly for 1 hr. The rate of evolution is impor- 
tant. For this apparatus it should be sufficiently slow so that 
the bubbles are individual and can be just counted. Measure the 
length of stain on the lead-acetate test strip, totaling the lengths 
in millimeters on each side. Clean and dry the apparatus before 
another run. Run a blank by passing nitrogen through the dry 
apparatus for 1 hr with a lead-acetate strip in place. No stain 
should be obtained. 

These methods permit examination of boiler water and con- 
densed steam for sulphides with a sensitivity of 0.01 ppm and 
condensed steam for sulphites with the same sensitivity. 


2—EXPERIMENTAL PROCEDURE AND RESULTS 


The tests were conducted on a boiler of the Monsanto Chemi- 
cal Company, St. Louis, Mo., which supplies steam at 675 lb per 
sq in. and 740 F superheat; ona boiler at the Edgar Station of the 
Boston Edison Company, Boston, Mass., which supplies steam at 
1400 lb per sq in. and 725 F superheat; and on a boiler of the 
Philip Carey Manufacturing Company, Lockland, Ohio, which 


supplies steam at 1775 lb per sq in. and 790 F superheat. The 
boiler-water samples from the Edgar Station boiler were taken 
from the water-column blowdown line and cooled in small spiral 
condensers. Those from the other boilers were from the con- 
tinuous-blowdown lines. Since none of the boilers on which 
tests were made were fitted with sampling nozzles in the steam 
headers, it was necessary when taking samples of steam to make 
use of whatever sampling connections were available. 

On the boiler at the Monsanto Chemical Company a '/--in. 
nipple was welded into the top of both the horizontal superheater 
inlet and outlet header about one third the way along their length. 
The steam was led through a short length of '/2-in. steel tubing 
and condensed under pressure in a */,-in. stainless-steel-tube 
condenser. 

On the boiler at the Edgar Station in Boston, Mass., the satu- 
rated-steam connection was a free-blow line tapped at one end 
of the header. All of the steam did not pass by this connection, 
therefore the sample was not necessarily representative. The 
steam connection on the superheater outlet header was made at 
the discharge end of the header. It is believed that this was a 
representative sample. The steam was condensed in concentric 
copper-tubing coils. The free-blow valves on the drain lines were 
kept open during collection of the samples to assure a considera- 
ble flow of steam through the lines. 

On the boiler at the Philip Carey plant, the superheater inlet 
connection was through a nipple welded into the superheater 
inlet header. The superheater outlet connection was taken from 
the free blow, the free-blow valve being kept open during sampl- 
ing. The steam from this boiler was condensed in */,,-in. stain- 
less steel-tubing condensers. 

The results obtained with the three boilers are given in Table 
2. All tests for sulphur in the several forms were made with the 
methods described previously. 


TABLE 2 


Superheater inlet Superheater outlet 
Sulphite Sulphite 
J us Sulphide lus Sulphide 
Sodium Sulphide, sulphide, only, sulphide, only, 
Per cent sulphite, sulphur sulphur sulphur sulphur sulphur 
rating ppm ppm ppm ppm ppm ppm 
Monsanto Chemical Company: 


Full 11.0 Neg. 
Full 130.0 Neg. 


Boston Edison Company: 


* Steam at 625 lb per sq in. pressure and 740 F superheat. 
+6 Steam at 1400 lb per sq in. pressure and 725 F superheat. 
© Steam at 1775 lb per sq in. pressure and 790 F superheat. 


3—DISCUSSION OF RESULTS 


Tests for sulphide in the boiler water of the boilers generating 
steam at 675 and 1400 lb per sq in. were entirely negative with 
as much as 175 ppm of sodium sulphite in the water. 

They were likewise negative in the boiler water of the plant 
generating steam at 1775 lb per sq in., with up to 35 ppm sodium 
sulphite. After the boiler had been operated one day at this con- 
centration, traces of sulphide were, for the first time, detected in 
the water, the amount increasing some at higher concentrations 
of sodium sulphite. The highest sulphide concentration ob- 
served, 0.08 ppm as sulphur, corresponds to less than 2 per cent 
auto-oxidation and reduction of the sodium sulphite present. It 
is evident from the results on the three boilers that auto-oxida- 
tion and reduction of sodium sulphite in boiler water does not 
occur to any significant extent up to 613 F. 

Tests for total sulphite and sulphide in the steam show entirely 
negative results on the boiler generating steam at 675 lb per sq in. 
This boiler is equipped with modern steam washers. The total 
absence of sulphite not only indicates the effectiveness of the 
washers, but likewise shows that no hydrolysis of sodium sulphite 
to liberate sulphur dioxide is occurring. 

Tests at the two higher pressures show small amounts of sul- 
phite in the condensed steam, both saturated and superheated, 
the amounts increasing with increasing concentrations of sodium 
sulphite in the boiler water. The amounts at the superheater 
inlet and outlet follow each other closely. Together with the 
sulphite is found some sulphide, the amounts likewise increasing 
with increasing sulphite concentrations in the steam. For some 
reason, sulphides are entirely absent at the highest sulphite con- 
centration employed in the boiler generating steam at 1400 lb per 
sqin. Immediately prior to these tests this boiler had been out of 
service, refilled with fresh water, and operated without sulphite 
for 3 days; the other tests had been run after the boiler had been 
in operation with continued sulphite treatment for some time. 
This fact might indicate some tendency to form a sulphide film 
on the metal surfaces at the start of sulphite treatment. 

As the steam load falls, so does both the amount of sulphite 
and sulphide in the steam. The drop is so marked that the 
source of these contaminants must be carry-over and not hydroly- 
sis. The degree of hydrolysis of a salt in solution is determined 
entirely by its concentration, temperature and pH value. There- 
fore, the partial pressure of sulphur dioxide or hydrogen sulphide 
in equilibrium with a boiler water is constant and independent 
of the rate of evaporation. If hydrolysis were the source of the 
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contaminating sulphur in the steam, there could be no diminution 
of suiphite with decreasing load as was actually the case. It is 
evident, therefore, that the contamination in the steam results 
from carry-over and that the traces of sulphide produced are 
probably formed by auto-oxidation and reduction as the spray 
becomes concentrated or even dried by evaporation on the way 
to the superheater header or in the superheater. 


4—RATE OF CONSUMPTION OF SODIUM SULPHITE IN 
THE BOILER WATER 


The previously mentioned tests indicate little chance of auto- 
oxidation and reduction of sodium sulphite in the boiler waters 
themselves. Any possible reaction at the metal surfaces to form 
insoluble sulphides could best be detected by observation of the 
over-all rate of loss of sulphite in the water. 

Since the boiler generatingsteam at 675 lb per sq in. is fed with all 
make-up and, therefore, is subject to heavy continuous blowdown, 
it was impossible to estimate even roughly the sodium-sulphite 
consumption. 

In the boiler generating steam at 1400 lb per sq in., the sodium 
sulphite content of the water fell from 130 to 30 ppm in 44 hr. 
The 0.5 per cent carry-over existing would account for a drop from 
130 to 58 ppm. The remaining 28 ppm is only 35 per cent of the 
mean sulphite content throughout the period and represents 
the maximum possible amount of auto-oxidation and reduction 
even with zero oxygen in the feedwater. It is sufficient to react 
with only 0.025 ppm of oxygen in the feedwater. This is less 
than the sensitivity of the ordinary Winkler method for oxygen 
analysis, which indicates that the maximum possible amount 
of auto-oxidation and reduction of sodium sulphite is small 
indeed. 

A typical 22-hr period for the boiler generating steam at 1775 lb 
per sq in. showed a drop in sodium sulphite from 82 to 23 ppm. 
Carry-over and blowdown would have indicated a drop of from 
82 to 33 ppm in this period. The remaining 10 ppm is only 
enough to react with 0.012 ppm of oxygen in the feedwater. 
Over a similar 22-hr period at 25 per cent load, the sodium-sul- 
phite concentration fell from 35 to 23 ppm, all of which drop could 
be accounted for from blowdown. The laboratory bomb tests 
of Taff, Johnstone, and Straub indicated that such a drop should 
have occurred in !/, hr with no blowdown. 

There is little evidence that the auto-oxidation and reduction 
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described by Taff, Johnstone, and Straub‘ in their laboratory work 
occurs in any of the three boiler waters upon which tests were 
made. In other words the reaction is not of the first order as they 
assumed. This is not surprising. By definition a first-order re- 
action involves the breaking up of a single molecule into two or 
more atoms or molecules. The auto-oxidation and reduction of 
sodium sulphite involves interreaction of four molecules of sul- 
phite. Further, by definition, the fractional rate of reaction at 
any instant is constant and independent of the concentration. 
This means that the time required for a drop from 4000 to 2000 
ppm would be equal to that required for a drop from 40 to 20 
ppm. This is not the case. 

This situation is not unusual since many reactions of an order 
higher than the first behave as first-order reactions within limited 
range of conditions. The hydrolysis of many esters does so be- 
cause the concentration of water, one of the reacting substances, 
remains essentially constant throughout the reaction. Still 
more frequently a higher-order reaction appears to be a first-order 
reaction because of the presence of some catalyst. This is proba- 
bly the reason for the apparent first-order behavior of the 
auto-oxidation and reduction of sodium sulphite in Taff, John- 
stone, and Straub’s experiments. This catalytic effect is either 
absent in the boiler waters studied and the reaction does not 
proceed with measurable speed or else if present, it is dormant 
at the low concentrations of sulphite in the boiler waters. That 
concentration plays an important part is indicated by the fact 
that partial auto-oxidation and reduction of the sodium sulphite 
carried into the steam as spray and there concentrated by evapo- 
ration does occur in the boilers studied. 

It is evident from the conflicting results of the tests in labo- 
ratory boilers and in operating boilers that the final answer to 
this question of auto-oxidation and reduction of sodium sulphite 
in high-pressure-hoiler waters can be settled only by observations 
of a large number of operating high-pressure boilers. It is hoped 
that the detailed methods for such tests presented herein may 
lend impetus to such work. 
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Chlorination of Condenser Cooling Water 


By R. B. MARTIN,! BELLEVILLE, N. J. 


This paper gives a history of the development of slime- 
control chlorination processes and equipment as applied 
to condenser cooling water. Present-day methods of at- 
tacking the problem of slime control are explained from 
engineering, chemical, biological, and economic aspects, 
and in a hypothetical case there is developed a formula 
based on average operating results which serves as a basis 
upon which to determine to what extent a proposed in- 
stallation will be justified. 


WEALTH of valuable data has appeared in the technical 

journals from time to time, dealing with the subject of 

chlorination of circulating cooling water, for the control 
of slime on the tube surfaces of condensers and other low-tempera- 
ture heat exchangers. It is the purpose of this paper to trace the 
history and developments in this work up to the present time, 
with particular reference to the various stages through which the 
intermittent chlorination process has passed, and to detail the 
studies that have been made and are currently being made to 
further the efficient use of the process. Before doing so however, 
it will be worth while to restate the objectives which prompted 
the search for an economically justifiable method of slime con- 
trol, as an alternate to, or substitute for, normal periodic cleaning 
methods. Wherever a deposit is allowed to collect on the tube 
surfaces of condensers or low-temperature heat exchangers, oper- 
ating losses are the immediate result. This is most evident in an 
increase in fuel requirements during the periods between cleaning 
of the tube surfaces. In addition there are the items of unsatis- 
factory operating conditions and loss in availability of equipment 
necessitated by periodic cleaning, together with consequent added 
labor costs and unfavorable working conditions. 

The majority of these deposits are recognized as organic slimes, 
in many cases compounded with seales, which in turn are fre- 
quently found to be of organic origin. Speed of deposit charac- 
terizes most organic slimes and scales. The actual speed and the 
nature of the deposit will depend upon the types of slime-forming 
organisms common to the circulating-water source, average tem- 
peratures observed, the types and quantities of bacterial food 
materials present in the circulating water, and the nature and 
condition of the inorganic material carried in solution or in sus- 
pension in the circulating water. The suspended inorganic ma- 
terial becomes entrapped with the filamentous and gelatinous 
forms of bacterial accumulation on the tube surfaces, thus com- 
plicating the growth of the slime film, and influencing the charac- 
teristics of the resultant organic scale. 


‘ Technical Service Division, Wallace and Tiernan Products, Inc. 
Mr. Martin was graduated from Cornell University in 1926 with an 
M.E. degree. Since graduation he has been connected with the 
technical-service division of his present firm specializing in slime-con- 
trol chlorination as manager of the industrial and condenser sales 
departments. 

Contributed by the Power Division and presented at the Annual 
Meeting of The American Society of Mechanical Engineers, held in 
New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N.Y., and will be.accepted 
until October 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


EARLY EXPERIMENTS 


Workers familiar with the control of organic slimes in the fields 
of water supply purification and industrial process-water treat- 
ment were prompted to apply the chlorination methods that had 
been found successful in those fields, with high hope of equal suc- 
cess in the field of cooling-water chlorination. It was of course 
recognized in this field, fully as much as in the others, that the 
cost of the chlorination treatment would have to be justified by 
improvement in the operating costs and operating conditions 
already enumerated. 

The first chlorination of condenser circulating water, for the 
express purpose of slime control, was practiced in England. The 
early work, both here and abroad, was confined to smaller spray- 
pond or cooling-tower installations, in which at that time effec- 
tive continuous chlorination could be applied on an economically 
sound basis. It became immediately apparent that continuous 
chlorination of the larger volumes of condenser circulating water 
in large steam-electric generating stations would require ex- 
penditures for chemicals far in excess of the savings in fuel and 
cleaning costs that could possibly be realized by elimination of 
slime accumulation on the condenser-tube surfaces. 

These considerations therefore made necessary a detailed study 
of the characteristics of various types of slime, and of the micro- 
organisms responsible for them. As these studies developed, it 
was discovered that a slime film could be allowed to collect on 
the tube surfaces for a definite period, providing this could be 
followed by a period of chlorination of sufficient strength and 
duration to assure killing of the microorganisms present in the 
deposited slime. With the elimination of the organisms, de- 
struction of the slime film and removal of the accumulation was 
found to result immediately. 

On the basis of this preliminary work the intermittent process 
of circulating-water chlorination was developed and patented by 
Dr. J. C. Baker. This basic process, with variations made to 
suit individual plant operating conditions, has come to be consid- 
ered the most practicable means of controlling slime. 


PRACTICAL APPLICATIONS 


The first plant scale test of the process was made in August, 
1928, chlorinating the circulating water of No. 4 unit at Kearny 
Station, New Jersey, Public Service Electric and Gas Company. 
This installation made use of several solution feed vacuum-type 
chlorinators operating on controlled schedules and intermittently 
discharging chlorine solution directly to the circulating-water 
tunnel. The details of this installation, with results obtained by 
the intermittent chlorination were discussed in a paper? presented 
before a meeting of the Metropolitan Section of the A.S.M.E. on 
November 21, 1929. As discussed in that paper, No. 4 unit, 
selected for the chlorination experiment, was identical in every 
respect to No. 2 unit. This provided an ideal means of obtaining 
a direct comparison between operating conditions with and with- 
out the intermittent application of chlorine. Operation for a 
period of approximately two months demonstrated the value of 
the process in preventing accumulation of slime, but it was not 
known what reliance could be placed on chlorination for cleaning 
a condenser in which slime had been allowed to accumulate. 


2 “Experience in Chlorinating Condenser Circulating Water,’ by 
V. M. Frost and W. F. Rippe, Trans. A.S.M.E., vol. 53, 1929, paper 
FSP-53-10, pp. 131-138. 
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SOLUTION APPLICATION \ 


FROM CHLORINE- 


CHLORINATOR DRAIN LINES 


FRONT ELEVATION 


MOTOR-OPERATED 


WATER 


SIDE ELEVATION 


Fic. 1 SuGGestep ARRANGEMENT OF VISIBLE VACUUM CHLORINATORS 


The application of chlorine was therefore interrupted for a period 
of approximately five weeks, and then resumed. Slime accumu- 
lation had become so heavy, however, that recovery to satisfactory 
operating conditions was considered too slow. No. 4 condenser 
was therefore taken out of service for mechanical cleaning, and 
consistently good chlorination results were obtained between 
that time and time of presentation of the results in November, 1929. 

In the meantime it was decided to extend the experimental 
work to No. 3 unit, and chlorination was started in July, 1929. 
A different type of installation was used in this case. In place of 
the several solution feed chlorinators discharging directly to the 
circulating-water tunnel, a single chlorinator of smaller capacity 
was operated continuously, discharging to a limestone-filled 
tower, the purpose of which was to provide stabilization and 
storage of the sterilizing solution. To obtain suitable rates of 
chlorine application, this system utilized a chlorine-resistant 
pump, operating on a predetermined program, for intermittent 
delivery of the stored solution to the circulating-water tunnel. 
It was felt that this arrangement of equipment would provide 
greater reserve capacity, to satisfy unusual operating conditions. 
Further, at that time continuous chlorinator operation was con- 
sidered advantageous as contrasted with the intermittent opera- 
tion utilized in the experimental chlorination on No. 4 unit. 

The results obtained with these two arrangements of equip- 
ment, as discussed in detail in the paper? by Frost and Rippe gave 
sufficient encouragement to the investigators to warrant further 
experimental work in other plants, and more detailed studies of 
equipment design. By the end of the following year five installa- 
tions of the limestone-tower type had been made, together with 
three in which the solution feed chlorinators discharged directly 
to the circulating water. During the years 1931 and 1932 these 
totals increased to 16 of the limestone-tower type and 11 of the 
alternate arrangement of equipment. 


EQUIPMENT DEVELOPMENTS 


During this period it became apparent that lack of flexibility 
would have to be recognized as an obvious limitation to the ex- 
tended use of the limestone-tower form of installation. Further, 


instead of minimizing operating equipment, and possibly reducing 
routine maintenance, the limestone-filled towers and the solution 
pumps were responsible for relatively high maintenance charges. 
In the meantime, as evidenced by the number of installations of 
the alternate type that had been made, refinements had been 
incorporated in design and method of installation of the inter- 
mittently operated solution feed chlorinators. This fact, coupled 
with the lower maintenance charges characteristic of these 11 
operating units warranted a return to this form of installation, 
providing a means could be perfected whereby the intermittently 
operated chlorinator could be used advantageously in the larger 
generating stations, chlorinating larger units of circulating-water 
flow, without using excessive numbers of chlorinators in parallel. 

The resulting development has involved a system of rotating 
chlorine solution feed, made possible by the design of a motor- 
operated valve resistant to the action of chlorine solution. In- 
stead of chlorinating simultaneously all of the circulating water 
used in the station, separate units of circulating-water flow are 
grouped, and separately chlorinated in rotation on individual 
program schedules. 

At this point it will be well to note the type of equipment to 
which reference is made, as well as the arrangements of chlorine- 
solution discharge that can be utilized. 

Fig. 1 illustrates the intermittently operated solution feed 
chlorinators, and the latest arrangement of accessory control 
equipment. This design is available in two general capacity 
ranges. For delivery rates up to 360 lb of chlorine per 24 hr, 
this chlorinator is furnished with means for manual adjustment 
of the feed rate. For chlorine requirements between 360 and 
720 Ib per 24 hr, the rate of delivery is not adjustable, except by 
removal and replacement of chlorine orifice meters. 

These chlorinators may be installed in multiple as required, 
discharging to a common header, through which solution is con- 
ducted to the point or points of chlorine application. 

Fig. 2 illustrates several methods of handling the chlorine 
solution at the separate points of application, where all circulat- 
ing water is to receive intermittent chlorination simultaneously. 

Fig. 3 illustrates several methods of handling chlorine solution 
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SEVERAL ARRANGEMENTS SHOWING PoINTS OF CHLORINE- SOLUTION APPLICATION 
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Fic. 3. Metuops or APPLYING CHLORINE SOLUTION BY THE INTERMITTENT-AND-ROTATING TYPE OF INSTALLATION 


from the header to the various points of application, where the 
intermittent and rotating type of installation is used. As is 
shown, the motor-operated solution valves permit solution to be 
discharged to any one or to several points of application, on sepa- 
rate program schedules in rotation. 

The chlorinators shown in Fig. 1, with the application methods 
of Fig. 3, may be effectively used where the various units of cireu- 
lating-water flow are reasonably small and equal to one another. 
Within certain limitations, selectivity can be obtained by special 
control features which permit of operating separate individual 
chlorinators of selected chlorine capacity on individual units of 
circulating-water flow, as may be found most suitable in regular 
operation. 


Latest REFINEMENTS 


The intermittent and rotating type of installation has a very 
definite advantage in improving the use factor of all of the equip- 
ment installed, while at the same time permitting selectivity of or 
variation in frequency and duration of application, for each of the 
individual units of circulating-water flow chlorinated. It is 
obvious, however, that the limitation in capacity of these units 
and the fixed delivery characteristics of this type of chlorinator 


design lack the flexibility that must be provided in the larger 
generating stations in which grouped units of circulating-water 
flow cannot always be maintained equal to one another. This 
requirement has been satisfied by the adaptation of large-ca- 
pacity solution feed chlorinators for use either in the intermittent 
application of chlorine solution directly to the total circulating- 
water flow, as in Fig. 2, or in connection with the intermittent 
and rotating type of installation, as in Fig. 3. 

The chlorinators illustrated in Figs. 4 and 5 are available in ca- 
pacities up to 2000 lb of chlorine per 24 hr. This chlorinator de- 
sign has an advantage over that of the equipment shown in Fig. 1, 
in that the delivery rate of the chlorinator can be adjusted auto- 
matically, through the regular operation of the program-control 
equipment. This is made possible through the use of a supple- 
mentary rate-control unit, shown in Fig. 5, by which the quantity 
of chlorine solution delivered to any one unit of circulating-water 
flow can be altered to suit the rate of water flow, or to suit the 
individual requirements of the plant units receiving this chlori- 
nated water. In certain special cases this function can be ex- 
tended, to make the rate of chlorine delivery fully proportional 
to circulating-water flow, operated either by remote control, or 
by automatic readjustment of the rate setting. 
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TABLE 1 REPRESENTATIVE INSTALLATIONS OF LARGE- 
CAPACITY CHLORINATORS, TYPE SA-ASV 


Station Circulating- 

rating, Condensers Chlorin- Applica- Chlorin- water range, 

thousands, chlorin- ation tion ators thousands, 

kva ated programs points installed gpm 

55 5 2 2 1 50 — 85 
66 3 3 4 1 16— 20 
83 3 1 1 1 25 -150 
137 6 6 6 1 18 -140 
158 3 1 1 3 50 —207 
160 3 2 3 2 40 —-120 
200 4 4 8 2 60 —120 
200 3 3 6 1 80 —102 
208 8 2 8 2 96 —288 
294 4 3 7 1 45 —100 
300 7 4 22 2 30 —-130 
324 3 3 9 2 80 -120 
363 6 6 6 2 50 —120 
549 5 5 10 1 45 — 80 


Installations of these latest types have presented very interest- 
ing engineering problems, attendant upon the proper grouping of 
units within the plant, and the distribution of the chlorine solu- 
tion from the location of the chlorinators to the individual points 
of application in the circulating-water tunnels or lines. It has 
also become necessary properly to coordinate the operation of all 
of the individual control units with the operation of the main 
units in the generating station, in such manner as to provide the 
most workable arrangement, and one that will require a minimum 
of routine maintenance. 

Table 1 shows the variation in size and nature of some of the 
installations that have been made. It is interesting to note that 
no two arrangements of equipment are identical, which demon- 
strates the need for detailed study of each new installation as a 
separate problem, requiring thorough investigation and under- 
standing of all the engineering requirements that must be met. 


Process VARIATIONS 


Variations of the intermittent slime-control process have been 
suggested, while these equipment developments have been going 
forward. These applications have involved principally variation 
in the frequency and duration of chlorination schedules, efforts 
being constantly directed toward more efficient and more eco- 
nomical use of chlorine. Where less frequent applications of 
chlorine are made, relatively heavier accumulations of slime must 
be dealt with, and it is naturally necessary to maintain somewhat 
higher chlorine content in the circulating water held in contact or 
brought into contact with the heavier accumulations adhering to 
the tube surfaces. Alternately, it may be necessary proportion- 
ately to prolong contact time, or duration of the chlorination 
period. Since it is not always possible to say that these factors 
will remain in direct proportion, in most installations it has been 
considered safest practice to initiate the intermittent slime- 
control chlorination at regularly established frequency and dura- 
tion. When definite slime control has been established it is then 
possible to experiment with variations in the chlorination sched- 
ules, utilizing less frequent applications of chlorine, in an endeavor 
to reduce the total chlorine cost without loss of efficiency of slime 
control. 

In one variation of the intermittent method of chlorine applica- 
tion, the cireulating-water rate is reduced during the period of 
chlorination for the purpose of reducing the cost of chlorine re- 
quired. In some generating stations it is possible to take con- 
densers completely out of service for a period of chlorination, 
during which chlorinated water is allowed to remain in the con- 
denser for a period of reaction of length found by experience to 
be satisfactory for removal of the accumulation of slime. A 
further step in this same direction involves draining the water 
from the idle unit, and application of chlorine in such manner 
as to obtain a high concentration of chlorine solution in the film 
of water and slime remaining in contact with tube surfaces. The 
Suitability of any of these variations of the intermittent appli- 
cation of chlorine will depend upon the individual plant operat- 
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Fig. 7 SprropHYLLUM FEerRRUGINEUM, X 400 


ing conditions. It is apparent that, with so many of the gener- 
ating stations now operating at full capacity, it is not conven- 
ient for all units to be treated by those methods requiring com- 
plete shutdown of the individual units. 


BIoLoGIcaL STuDIEs 


In addition to many mechanical problems that have presented 
themselves it has been found necessary to extend and make more 
detailed the biological studies referred to previously. In many 
cases it is necessary that this work be done individually for each 
plant, in advance of the design of the mechanical layout, since 
the nature of the slime will govern the type of mechanical layout 
which can be used to greatest advantage. In present-day rou- 
tine practice a sample of slime is collected from the tube surfaces, 
for biological laboratory examination. The major purpose of 
this microscopic and cultural examination is the determination of 
characteristics of the slime-forming organisms predominating in 
the slime accumulation. 
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Figs. 6 and 7 are reproductions of photomicrographs of the 
higher forms of filamentous slime-forming bacteria, frequently 
called slime formers of the iron-bacteria group. 

Figs. 8 and 9 are reproductions of photomicrographs of cap- 
sulated slime-forming bacteria, representative of the general group 
of organisms responsible for the heavy gelatinous forms of slime 
accumulation on condenser-tube surfaces. 

Fig. 10 illustrates another type of capsulated bacteria very 


Fic. 9 LarGe CapsuLATED Bacteria, 


frequently found in slime accumulations. It is evident from 
this photomicrograph, in comparison with the foregoing illustra- 
tions, that this general group of slime-forming organisms do not 
develop the same heavy slime accumulations on condenser-tube 
surfaces. If the predominant organisms are not immediately 
recognized and catalogued as to their relative resistance to ster- 
ilization treatment, pure strains are isolated and special minimal- 
chlorine death-rate studies are conducted. In these studies, sus- 
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TABLE MINIMAL-CHLORINE DEATH RATES, LARGE CAPSU- 
LATED BACTERIA 


Final Per Fina er 

Treatment plate count cent plate count cent 
time X 1000 mortality x1 mortality 

10 sec 10.5 93.0 10.0 93.3 

30 sec 11.0 92.7 9.8 93.3 

45 sec 11.0 92.7 5.4 96.4 

1 min 10.0 93.3 4.7 96.8 

3 min 9.0 94.0 3.8 97.5 

5 min 2.3 98.5 3.4 97.7 

10 min 5.2 96.5 1.5 99.0 

15 min 4.8 96.8 1.0 99.3 

Nores: Final plate counts record number of bacteria, per cu cm of sus- 


pension, remaining at close of treatment period. 
Chlorine residual values are aaintalned fas duration of treatment. 
Averaged plate counts of initial untreated suspension determined as 
150,000 bacteria per cu cm. 


TABLE 3 DEATH SMALL CAPSU- 
ATED BACTERIA 


Chlorine residual 


-—0.5 ppm— -—1.0 ppm—. -——-2.0 ppm— 

Final Per Final Per Final Per 

Treat- plate cent, plate cent, plate cent 
ment count, mortal- count, mortal- count, mortal- 

time, min 1000 ity xX 1000 ity xX 1000 ity 

5 68.0 23.7 40.0 55.0 36.0 59.5 

10 58.0 35.0 47.0 47.2 29.0 67.4 

20 68.0 23.7 45.0 49.5 25.0 72.0 

60 32.0 64.0 37.0 58.5 3.3 96.3 


Nores: Final plate counts record pred of bacteria, per cu cm of sus- 
pension, remaining at close of treatment 

Chlorine residual values are maintaine ine duration of treatment. 

Averaged plate counts of initial untreated suspension determined as 89,000 
bacteria per cu cm. 


Fig. 10 CapsuLaTeD Bacteria, X 900 


pensions of the organisms are made, treated with varying quanti- 
ties of sterilizing solution, and held for varying contact times. 
Samples are plated on modified Sabouraud’s agar for determination 
of results of this chlorination by plate count. Actual samples of 
the circulating water are used for the suspensions where unusual 
characteristics of the predominant organisms have been noted. 

Table 2 records a typical minimal-chlorine death-rate study, 
for organisms of the general type and classification illustrated in 
Figs. 8 and 9. Of particular interest is the ease with which 
organisms of this type can be eliminated by suitably selected 
chlorination rates and schedules. 

Table 3 records a typical minimal-chlorine death-rate study for 
organisms characteristic of the group illustrated in Fig. 10. Since 
the slime accumulations formed by this class of organism are not 
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gelatinous or tenacious to the same degree as those of the larger 
capsulated bacteria, the relatively lower mortality percentages 
are still considered satisfactory, as has been proved in operating 
experience. 

No comparable studies are at present available for the higher 
forms of organism illustrated in Figs. 6 and 7. In general field 
practice it has been established that these organisms will have 
been eliminated by chlorination at rates and for contact times 
sufficient for satisfactory control of organisms of capsulated type. 

On the basis of these biological examinations, decision is made 
as to the most economical and most practicable means of con- 
trolling the accumulation of slime on the condenser-tube surfaces. 
This influences the mechanical layout as indicated previously, 
because of the limitations of contact time available for practical 
use where the intermittent and rotating type of installation is 
indicated. 

Occasionally it is found that the types of organism predominat- 
ing will change seasonally. In these cases the biological labora- 
tory tests are made the basis for rescheduling the treatment to 
afford the most positive and at the same time most economical 
solution to the problem. Not only do the seasons influence the 
types of organism predominating, but it has been found in the 
last few years that increased industrial activity, and changes in 
types of industrial waste discharged to the rivers from which 
circulating water is drawn, has had a very definite bearing on the 
subject. In every case therefore it is necessary to plan in so far 
as possible for whatever increases or changes in capacity and 
distribution of chlorine solution may be required within the 
immediate future. 


CHLORINE REACTIONS 


Upon introduction of chlorine into water a portion immediately 
reacts with organic matter present, certain dissolved gases, and 
occasionally with inorganic salts. Any chlorine remaining after 
these reactions have been completed is termed residual chlorine. 

The importance of chlorine-residual tests has been very clearly 
indicated in the discussion of biological examinations. Routine 
chlorine-residual tests perform a definite function in assuring 
efficient use of the intermittent chlorination process. 

The amount of residual chlorine that will remain after a given 
dosage of chlorine has been applied to the circulating water will 
depend not only upon the organic and inorganic matter with 
which the chlorine reacts, but also upon the length of time during 
which the chlorine has been in contact with the water. The 
quantity of chlorine consumed in these reactions may be termed 
the apparent chlorine demand of the circulating water. For 
any given dosage of chlorine, added contact time will tend to 
reduce the residual. To maintain a given chlorine residual, the 
longer the contact time involved, the greater the dosage will have 
to be. 

Fig. 11 presents a clear picture of variations in chlorine residual 
and in chlorine demand with a variation in quantity of chlorine 
added to a given sample of circulating water. The two curves 
shown are for one given contact time. As contact time is in- 
creased, the chlorine-residual curve moves to the left, and the 
chlorine-demand curve proportionately further to the right. It 
is therefore essential that both residual and time contact be 
stated when chlorine-demand values are specified. Since the 
chlorine demands will very seasonally, and with changes in char- 
acter of domestic and industrial waste carried by the circulating- 
water source, it is found advisable to arrive at a representative 
chlorine-demand value, from which an accurate estimate of 
chlorine requirements can be derived. Those connected with 
municipal water sterilization work have gained sufficient experi- 
ence to permit of making a reasonably accurate estimate of 
variation in chlorine demand in the average water source, where 
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time is not available to conduct a detailed study of the demand 
variation. This information is essential as a basis for determin- 
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(Apparent chlorine demand in parts per million, horizontal scale, is equal to 
chlorine added, vertical scale, less chlorine residual, horizontal scale. Ex- 
ample: If when 1.47 ppm chlorine is added to the water, the residual as de- 
termined by test is 0.45 ppm, the apparent chlorine demand is 1.02 ppm. 
These curves are for a given sample of water and a given contact time.) 


ing the maximum in chlorine capacity which will be required for 
effective year-round control of slime. 


CHLORAMINE FORMATION 


Another important factor is disclosed by an analysis of the 
circulating-water source, for the primary purpose of determining 
the natural ammonia content. This may advantageously be 
supplemented by a series of such analyses, to determine varia- 
tions in natural ammonia content throughout the day or week, 
as well as throughout seasonal changes. The importance of 
these analyses in certain isolated cases has been demonstrated 
through discrepancies in operating results, as compared with the 
laboratory minimal-chlorine death-rate studies. 

Where ammonia is present in sufficient quantities, or more 
than sufficient quantities to react completely with the chlorine 
applied during the intermittent application of chlorine solution, 
it is recognized that the speed of bactericidal action is reduced. 
This factor therefore becomes important in planning the proper 
course to be followed in efficient control of slime. Where am- 
monia is present and its influence must be considered, it is found 
necessary to arrange special methods of applying the chlorine to 
avoid as far as possible the adverse effects of retarded steriliza- 
tion, attendant upon the reaction of chlorine with ammonia to 
form chloramines. In addition, it is necessary to provide suita- 
ble added capacity in the chlorinator installation, since it is 
definitely established that where this reaction in the formation of 
chloramines is involved, it will be necessary to maintain a con- 
siderably greater residual content in the circulating water, or a 
longer period of contact at a given residual, In some cases it 
will be found that both higher residuals and longer contact time 
will be necessary. 
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The reaction of chlorine to form chloramines is of advantage, 
in those waters in which abnormally high organic chlorine de- 
mands exist. The reaction of chlorine with ammonia in these 
cases retards the combination of the chlorine with the organic 
matter, thus requiring a smaller quantity of chlorine to obtain a 
given residual value. In the case of one generating station in the 
East, there exists the unusual combination of abnormally high 
organic demand, with low natural ammonia content. During 
the course of chlorination experiments conducted at this station, 
it became apparent that the satisfaction of these high chlorine 
demands would render the application of chlorine alone too ex- 
pensive to be warranted by the results obtained. Independent 
investigators therefore decided to experiment with a variation of 
the intermittent chlorination process, wherein the deficiency in 
natural ammonia content is added to the circulating water, coin- 
cidentally with the intermittent application of chlorine. In this 
station the results obtained by this method have been very satis- 
factory, as reported in several articles which have appeared re- 
cently in the technical journals. 

In some cases it will be found that ammonia will be present, at 
least occasionally, in quantity exceeding that suitable for chlora- 
mine formation, bearing in mind that the chlorine will react with 
inorganic reducing agents before reaction with ammonia to form 
chloramines. In one large generating station in the Middle West, 
tests have shown that natural ammonia content of the circulat- 
ing-water source varies from 0.1 to 1.3 parts per million. The 
average pH value is 7.6, at which the theoretical ratio for forma- 
tion of chloramines is 4.5 to 1. For the high ammonia content of 
1.3 ppm, this would mean that 5.85 ppm of chlorine would have 
to be made available, after reaction with the inorganic chlorine 
demand, to prevent seriously retarded sterilizing action due to 
the formation of chloramines. At a smaller plant in the East, 
analysis indicates a natural ammonia content of 2.5 ppm. Ata 
pH of 7.2 the ratio becomes 5 to 1, which would require that 12.5 
ppm of chlorine be available for chloramine formation, after 
satisfaction of the inorganic chlorine demand. 

In either of these cases, application of chlorine at the required 
rates would result in maintenance of excessive chlorine residuals, 
and would make the cost of the necessary chlorine prohibitive. 
The only proper solution to a probiem of this type is to arrive at 
a suitable balance between partial satisfaction of the ammonia 
content, consequent retarded sterilization, and increased bac- 
tericidal activity at chlorine residuals higher than normal. 

Where long water-flow channels or distribution lines are to be 
treated, the supplementary addition of ammonia to obtain true 
chloramine formation will be advantageous. The persistent 
residual characteristic of chloramines provides definite advant- 
age, where the point of application or of formation of the chlora- 
mines must for physical reasons be remote from the point at 
which the positive sterilizing effect of the persistent residual is 
required. This is recognized as of considerable importance in 
the general industrial-process and paper-mill fields, wherein long 
or complicated water systems must receive uniform treatment, 
and where excessively high organic chlorine demands are common. 
These advantageous features of chloramines are therefore of more 
interest in those fields than in the average generating station, 
wherein flow channels are relatively short, and where chlorine 
demands are usually of average combined organic and inorganic 
nature. 

Included in those compounds in the circulating water that 
account for the inorganic chlorine demand are certain dissolved 
gases such as hydrogen sulphide, or reducing metallic salts in 
solution or in suspension, such as the ferrous and manganous 
compounds. These latter compounds are now receiving detailed 
study, since it has become apparent that under certain tempera- 
ture conditions, and at certain pH values, the complete oxidation 


AUGUST, 1938 


of these compounds by an excessive chlorination may result in the 
deposit of the oxidized forms on the surfaces of condenser tubes. 
These studies are progressing rapidly, and it is expected that the 
results will become available later in the form of detailed reports 
in the technical journals. 


Economic JUSTIFICATION 


It is not within the scope of this paper to discuss details of 
operating data that have been collected by the operating and test 
departments of the generating stations in which slime-control 
chlorination has been practiced. Without violating any confi- 
dences, however, it is possible to make use of average operating 
conditions observed, and average results obtained, for presenta- 
tion of a hypothetical case. This can best be presented as a 
formula for preliminary investigation, to serve as a basis upon 
which to determine to what extent an installation of the inter- 
mittent chlorination process will justify itself. 

For the hypothetical case mentioned, a generating station of 
25,000 kw average output is selected. The coal consumption 
may be assumed at 1.5 lb per kw, costing approximately $3 
per ton delivered. A vacuum loss of 0.2 in. Hg is permitted be- 
fore cleaning the condenser by plug blowing, which means an 
average vacuum loss of 0.1 in. Hg due to slime. 

Experience has shown that with normal plug blowing a residue 
of slime accumulation may be compacted on the tube surfaces, 
occasionally taking the form of an organic scale. In these cases 
it has been proved that the intermittent chlorination process will 
provide an added vacuum improvement of 0.05 in. Hg, as com- 
pared with the vacuum normally obtained immediately after 
cleaning by plug blowing. Therefore for this hypothetical case 
an average vacuum improvement due to chlorination will be con- 
sidered as 0.15 in. Hg. ; 

The saving in fuel per inch of increase in vacuum is considered 
standard at 7 per cent, within normal operating ranges. The fuel 
saving per day will be 7 per cent of 450 tons of coal, times the 
vacuum improvement of 0.15 in. Hg, or approximately $5100 for 
a 360-day operating year. 

An analysis of a representative sample of slime demonstrates 
the presence of normal types of slime-forming organisms, which 
yield readily to sterilization at low chlorine residuals, and within 
a period of time which can be satisfactorily handled by standard 
chlorination schedules. 

Circulating water at the rate of 40,000 gpm is taken from a 
water source having an average amount of domestic and indus- 
trial waste pollution, but with reasonably low ammonia content. 
On the basis of this information, coupled with establishment of 
maximum residual requirements, an average chlorine-demand 
value may be determined. 

With intermittent chlorination it may be estimated that 85 lb 
of chlorine per day will represent the average use throughout the 
year. Ata cost of 5'/. cents per lb delivered, the chlorine cost 
will be approximately $1680 per yr. Chlorine-control equipment 
required for this installation will cost approximately $6000 for 
which carrying charges of 17 per cent will amount to $1020 
annually. 

With a gross saving of $5100, exclusive of the savings in reduc- 
tion or elimination of cleaning costs, and with total operating 
charges of $2700, the net savings will be approximately $2400 
per yr. Thus it may be seen that on the investment of $6000 
in control equipment for operation of the intermittent chlorina- 
tion process, a net return of 40 per cent per yr will result. 

It will be noted that in the foregoing reasonably conservative 
figures are used. As vacuum losses or fuel costs increase, the 
net return becomes proportionately greater. 

By use of the intermittent-and-rotating type of installation, 4 
station of twice the output can be provided with the necessary 
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control, at a nominal increase in total cost of control equipment. 
At one of the stations in the Middle West in which this type of 
equipment arrangement was originally installed on three out of 
six of the generating units, the installation was reported to have 
paid for itself within the first 12 months. In view of the re- 
sults obtained it was decided to extend the intermittent chlorin- 
ation to the remaining reserve or stand-by units, which was 
accomplished at a relatively low cost, as compared with the origi- 
nal installation. 

It is hoped that this paper will be the forerunner of a series 
presented by the officials of the generating stations who have had 
experience with the process, from which more may be learned of 
the recorded details of the accomplishment of intermittent 
chlorination. Fig. 12 is a suggested form for the convenient 
recording of operating data of this nature, as well as for the purpose 
of keeping a close check on the efficient operation of the process. 


SuMMARY 


In the final design of an installation for efficient operation of 
the intermittent chlorination process many individual factors 


12 


must be taken into account. It has been shown that first con- 
sideration must be given to the habits and characteristics of the 
organisms responsible for the slime accumulation, together with 
their relative resistance to sterilization trea ment. Second, it is 
necessary to consider with what side reactions the chlorine ap- 
plied will become involved, which either influence the quantity of 
chlorine that will remain for bactericidal action or affect the 
manner in which the sterilizing action will take place. Last, and 
yet of equal importance, it is necessary that the design and ar- 
rangement of the equipment for application of the chlorine be so 
selected as to result in an operating installation which provides 
for efficient application and use of the chlorine, while at the same 
time keeping supervision and maintenance costs at a minimum. 

It may readily be seen, therefore, that each individual installa- 
tion must be dealt with as a separate and distinct problem, requir- 
ing thorough investigation and understanding of the engineering, 
biological, chemical, and economic aspects involved, in order that 
all factors influencing the success of the slime-control treatment 
may be considered in arriving at a plan which will prove to be the 
most economical and the most positive answer to the problem. 
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Design of High-Capacity Boilers 


By JOHN VAN BRUNT,! NEW YORK, N. Y. 


The author briefly reviews the development in designs 
leading up to the modern high-pressure high-capacity 
steam-generating unit and shows the limitations of the 
earlier types that render them unsuited to high-capacity 
requirements. Problems entering into the design of such 
units are discussed and curves are incorporated covering 
certain basic relations. Typical units are shown and the 
performances of several are included. 


depending upon the basis of the classification. In what- 

ever class a boiler may be arbitrarily placed the designer 
must conform to the A.S.M.E. Boiler Construction Code. Within 
the limits and rules of the Code the designer has much latitude. 
In fact, it is highly probable that a boiler could be (and possibly 
has been) designed that would conform to the Code requirements 
but which, none the less, would be unsafe. 

There are many boilers in use today that are satisfactory and 
safe at the capacities at which they are operating but which, if 
operated at twice the present capacity, would be unsatisfactory 
and possibly unsafe. 

This paper will not attempt to do more than outline the general 
procedure followed in arriving at the final design of large or high- 
capacity steam-generating units as exemplified in some of the 
recent installations. The problems of design of boilers for 1400- 
lb pressure are much the same as those involved in boilers for 
lower pressures. The details differ only in degree. 

The modern high-capacity steam-generating unit is more than 
a boiler, it is a completely coordinated and balanced assembly of 
furnace, superheater, boiler, setting, economizer, air preheater, 
forced- and induced-draft fans, and fuel-burning equipment. 
The last may be a stoker, oil burner, or pulverized-coal equip- 
ment comprising mills with means for drying coal, feeders, 
burners, coal piping, and so on. Also, there are automatic regu= 
lators, boiler feed pumps, and all auxiliaries necessary for the 
control and operation of such a unit. 

The two outstanding developments without which the present 
high-capacity units would not be possible are pulverized-coal 
firing and the waterwall furnace. Stokers having a fuel-burning 
capacity of 25 to 50 tons per hr are hardly practicable even though 
mechanically possible. Multiple-retort stokers have been built 
to burn 25 tons per hr, but operation at that rate is not entirely 
satisfactory. Chain-grate stokers have been built up to 575 sq 
ft of grate area, but it is doubtful if this area can be increased by 
more than a few per cent. Refractory furnaces cannot be used 


Prrrens BOILERS may be divided into a number of groups, 
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with pulverized coal except at low combustion rates and, therefore, 
are not considered for large units. 

In large high-pressure units the boiler provides only a small 
part of the total heat-absorbing surface, from 6 to perhaps 25 
per cent. It, however, plays an important part in the final 
design and forms a framework around and within which the rest 
of the unit is placed. 


BorLerR 


Figs. 1 to 4 illustrate various well-known types of boilers 
which have given satisfactory service for many years, but 
which, for high-capacity units, are inadequate because of faulty 
circulation. 

The straight-tube boiler shown in Fig. 1 has given good service 
up to evaporation rates of 6 or 7 lb of steam per sq ft of heating 
surface. At these rates the upper tubes are likely to be partly 
dry, with water flowing along the bottom of the tubes and steam 
in the upper half. Sometimes this does no harm, in fact boilers 
have operated many years under such conditions. 

Fig. 2 shows a boiler of the same type with an interdeck super- 
heater. This boiler is subject to the same fault in circulation 
and when operated at steady high loads, half or more of the tubes 
in the upper bank may be partly dry, and rope scale may form 
along the water line. Corrosion may also occur along the water 
line and in high-pressure boilers at the top surface of the dry 
tubes. 

Figs. 3, 4, and 5 show three well-known bent-tube types. That 
shown in Fig. 3, while good from the standpoint of circulation, 
may be a wet steamer when operated at high capacity because of 
the turbulence in the drum. Steam quality is largely dependent 
on boiler-water quality. 

Fig. 4 represents a four-drum design which has had wide use 
and has given satisfactory service in numerous plants for many 
years. However, the circulation in this boiler leaves much to be 
desired. Insufficient provision is made to unload the upper 
front drum. Turbulence in the center or steam drum limits the 
capacity obtainable with good steam quality. 

Fig. 5 shows a three-drum boiler, also a well-known type. 
This has a well-balanced circulation, which in general follows the 
arrows. The front drum permits the separation of steam and 
water by allowing the steam to pass to the rear drum through 
the upper circulators, and the water down through the second 
tube bank. The rear drum is not turbulent, as little steam is 
generated in the third or rear bank of tubes. Steam is taken 
from the rear drum. 

Figs. 6 and 7 are modifications of this type in which the rear 
bank of tubes is replaced by an economizer which is located be- 
tween two rows of tubes connecting the steam drum and the 
lower drum. 

Fig. 8 shows a modification of the straight-tube type which has 
proved satisfactory for high-capacity operation. Only three, or 
at most, four rows of inclined tubes are used; if more are em- 
ployed there is danger that the circulation in the upper rows will 
be deficient, as in the types shown in Figs. 1 and 2. 

The addition of waterwalls to any of the boilers just described 
does not materially affect the circulation but with the single- 
drum boilers the added turbulence, due to the discharge of the 
water from waterwalls, makes the problem of obtaining dry 
steam somewhat more difficult. 

In boiler plants of from 20 to 30 years ago it was the usual 
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practice to install spare capacity to the extent of 10 per cent or that such boilers should and must be designed with certain 
more. In some cases the formula was 10 per cent plus one boiler. objectives or requirements, among which are the following: 
Today one boiler will produce as much, or more than 10 such Desired output for as long a period as required 

boilers and frequently no spare capacity is provided. The steam- Maximum economy, not necessarily efficiency 

generating unit of today must be exceptionally dependable and Required steam temperature over a specified range of capacity 
must have the greatest possible availability factor. It is felt Control of superheat 
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Dependability or maximum availability 

Freedom from circulation troubles 

Clean steam 

Low heat loss from radiation. 

An inquiry for a boiler of this type usually specifies among 

other requirements: 

Capacity, continuous and peak 

Pressure at the turbine throttle or superheater outlet 

Steam temperature at normal load and at peak load, or at 
various points of the load curve 

Feedwater temperature 

Kind of coal, with analysis, moisture, ash-fusion temperature, 
heating value, and grindability 

Any unusual load requirements 

Type of firing 

Type of furnace bottom. 

These constitute the data from which the boiler is designed. 


Because slag on boiler or superheater surface is one of the 
principal causes of boiler outage, design should be based primarily 
on a furnace with waterwalls of such volume and area that the 
temperature of gas leaving the furnace or entering the boiler 
tubes is below the fusion temperature of the coal ash. There 
may be a considerable spread between the fluid temperature and 
the softening temperature of the ash, and where possible, the 
design should be arranged for the lower temperature. 


This is not difficult when the ash-softening temperature is 


above 2200 or 2300 F, or when the required steam temperature 
is not more than from 750 to 800 F. Where the ash-softening 
temperature is from 1950 to 2000 F and the required steam tem- 
perature is 900 F or above, the problem is difficult, if indeed, it 
can be completely solved. 

To obtain 925 F steam temperature the gas entering the super- 
heater must be close to 1900 or 1950 F. If the superheater is 
shaded in part from furnace radiation by three or more rows of 
boiler tubes, the gas entering the boiler tubes must be from 2000 
to 2050 F. In such cases ready access must be had to both the 
front rows of boiler tubes and the superheater for soot blowing or 
hand lancing for the removal of slag or crusted ash. 


DEsIGN PROcEDURE 


After it is determined what gas temperature is necessary to 
give the desired superheat and the temperature desired for gas 
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leaving the furnace, the design is then proportioned to provide 
sufficient water-cooled surface to reduce the temperature of gas 
leaving the furnace to the required figure. 

The first furnace dimension determined is the width. Inas- 
much as the major factor in boiler cost is the drums, the width 
of furnace should be as small as possible, consistent with the 
draft losses through the unit and the permissible rates of steam 
release per foot of furnace or boiler width. 

If the unit must fit an existing boiler room, the spacing of 
columns and height of roof trusses may limit the width or height 
of the proposed unit so that a compromise becomes necessary. 

In determining the amount of heat absorbed in the furnace, 
the relation of heat released per square foot of furnace-wall 
surface to heat absorbed by such surface is needed. Such a 
relation is shown in Fig. 9. Obviously, this relation depends on 
a number of factors, among which are (a) effectiveness of surface, 
(b) cleanliness of surface, (c) distribution of flame in the furnace, 
(d) velocity of gas in contact with walls, (e) luminosity, (f) area 
of flame surface, (g) temperature of flame, and (h) excess air in 
the furnace. 

As an illustration of the effect of the method of firing, data are 
available to show that, of two furnaces having the same volume, 
surface, and heat release, one of them tangentially fired above a 
slagging bottom, the other horizontally fired or vertically fired 
above a slagging bottom, the gas temperature leaving the first 
will be about 200 F lower than in the other. A difference in 
absorption of from 5000 to 7500 Btu per sq ft of wall accounts 
for this difference. 

In selecting the proper curve of (heat absorbed)/(heat re- 
leased), consideration must be given to the various factors previ- 
ously mentioned, and in this selection experience and judg- 
ment play an important part. 

After the furnace dimensions and the temperature of the gas 
entering the boiler have been determined, the size of superheater 
must next be considered. This involves the usual calculations 
based on mean temperature difference of gas and steam, mass 
flow of gas, and transfer rates determined from experience, all 
of this with due regard to draft loss, accessibility for cleaning 
superheaters, the soot-blower location, and so on. 

If boiler surface follows the superheater, the temperature of 
gas leaving the boiler or entering the economizer is calculated. 

In a pulverized-coal installation preheated air is necessary to 
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dry the coal in the pulverizing process; therefore, the economizer 
must be designed so that the temperature of gas leaving it will be 
high enough to permit preheating this air to a temperature of 
from 450 to 500 F. 

Depending on-the temperature of water entering the econo- 
mizer, the leaving temperature may be from 50 to 100 F below 
the boiler saturation temperature. At high pressures this prac- 
tice is safe, as there is little probability of the economizer steaming 
unless an unduly long time is taken to raise the pressure. In 
such cases the feed valve should be opened, water allowed to flow 
into the boiler, and the boiler blown down. 

After the surfaces required in the furnace, boiler, superheater, 
economizer, and air preheater are determined, the next step is to 
assemble these units. The furnace and boiler must be coordi- 
nated so that the necessary downcomers and risers for the 
waterwalls can be installed with proper provision for expansion. 
Space within the boiler must be provided for the superheater 
and, if steam-temperature requirements necessitate, a by-pass 
damper must be designed for superheat control. 

If the economizer is placed within the confines of the boiler, 
the whole unit must be enclosed in a suitable setting or casing 
which must be as nearly gastight as possible. 


Tue Water-CooLep FURNACE 


The three factors necessary for complete combustion are time, 
temperature, and turbulence—time for the combustion of solid 
particles and for the oxygen in the furnace to make contact with 
the combustible matter, temperature sufficient to insure prompt 
and vigorous ignition, and turbulence to insure mixing of oxygen 


and combustible gas. These three factors will produce a tem- 
perature sufficient to melt steel and to make fluid practically any 
ash. Such temperatures are not necessary to insure complete 
combustion but are the result of complete combustion. Henry 
Kreisinger, in a recent paper,? covered this subject thoroughly, 
and R. F. Davis states* that ‘Once ignition has commenced 
there is a definite advantage in maintaining the flame temperature 
as low as possible. . . Providing ignition is not retarded, the maxi- 
mum cooling surface should be installed and for this purpose bare 
boiler tubes will give the maximum heat absorption possible.” 
All of this is preliminary to the statement that waterwall fur- 
naces do not retard or impair combustion in any way; in fact, 
such furnaces may improve combustion. 

Where bare tubes constitute the boundary walls of a furnace it 
is essential that the circulation in those walls be such that there 
will always be sufficient water in the tubes to insure adequate 
cooling. 

There are few or no data on the friction losses of mixtures of 
water and steam flowing in the tubes, consequently the propor- 
tioning of risers and downcomers must be based on experience 
coupled with an analysis of probable velocities. 

For visualizing the effect of varying percentages of steam and 
water in wall tubes and the densities of such mixtures relative to 


2 “Combustion of Pulverized Coal,’’ by Henry Kreisinger, Trans. 
A.S.M.E., vol. 60, May, 1938, paper FSP-60-8, pp. 289-296. 

3“The Mechanics of Flame and Air Jets,’’ by R. F. Davis, Pro- 
ceedings of The Institution of Mechanical Engineers, vol. 137, 1937, 
pp. 11-72, Abstracted in Engineering (London), vol. CXLIV, Nov. 
19, 1937, and December 10, 1937. 
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the density of water at the corresponding saturated temperature, 
Fig. 10 may prove interesting. It takes little head to move 
water and mixtures of steam and water at low velocities. Fric- 
tion losses increase as the square of velocity, as do entrance losses; 
therefore, the velocity of the mixture in risers must be kept 
within reasonable figures. 

It is good practice to avoid any recirculators in waterwalls; 
that is, all of the water that enters the bottom of a waterwall is 
discharged in the drum as water and steam. There can be no 
building up of concentration in these walls. 

In both dry-bottom and slagging-bottom furnaces the water- 
walls are suspended either from the upper wall headers or from 
lugs welded to tubes at an elevation as close to the upper wall 
header as is possible. With this design the total expansion of 
walls and risers is divided and provision for expansion of risers 
is more easily made. 


SreaM QUALITY 


In the majority of designs for which the author has been re- 
sponsible the basic boiler design of Fig. 5 has been incorporated, 
modified to that shown in Figs. 6 or 7. In such designs all of 
the waterwalls discharge into the smaller of the two upper drums, 
usually called the front drum. Sufficient steam separation takes 
place in this drum so that little water is carried to the rear or 
offtake drum. Because of the size and consequent low velocity 
of steam across the drum most of the entrained moisture is 
dropped out, and steam of better than 99'/. per cent quality 
leaves the boiler. 


Fig. 11 Bussie-Tyre Steam WasHER 


A further inherent feature of this design is the fact that when 
the velocity of steam through the circulating tubes is correctly 
proportioned to the pressure and capacity, and the water level is 
controlled at the offtake drum, the level in the front drum be- 
comes lower as the capacity rises; therefore, the greater the 
amount of steam released in the front drum, the greater is the 
volume available for such release. 

In low-pressure plants (300 Ib and below) there have been 
relatively few cases where turbines have lost power because of 
blade deposits. With high-pressure boilers, however, such de- 
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Fie. 12 Five-Drum Dovs.e-Set BoiLer at RovuGe PLant oF THE 
Forp Motor Company 


(Capacity, 1,000,000 lb of steam per hr at 1350 lb and 900 F.) 


posits may be a serious problem. Fortunately, methods have 
been devised by which the solids normally present in the moisture 
in steam may be removed or partly removed by the so-called 
washing of the steam with boiler feedwater. 

If the boiler water contains 1500 ppm concentration and the 
steam !/, per cent moisture, the steam will then carry 7'/: ppm 
of salts. 

The theory of steam washing is that the moisture and con- 
tained salts mix with the boiler feedwater, and the water carried 
out of the boiler by the steam has a concentration equal to that 
of the mixture. 

Fig. 11 illustrates a steam washer of the bubble type which 
has proved very satisfactory. Steam enters the drum through 
the two rows of circulating tubes located behind the series of 
hoods. Feedwater enters through the pipe shown in the lower 
left-hand part of the drum, fills the feed trough to a level about 
'/; in. above the row of holes at the bottom edge of the multiple 
hoods, and thence flows over the saw-tooth weir into the drum. 
The steam passes into the hoods and through the small holes up 
through the feedwater, producing considerable turbulence in the 
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space between the hoods, and a thorough mixing of the steam 
with the feedwater. The clean steam leaving the hoods passes 
through the drying screens at the right-hand side of the drum and 
thence to the steam circulators to the superheater. 

A recent test on a washer of this type on the high-pressure 
boiler at the Nebraska Power Company showed 0.7 ppm with a 
boiler-water concentration of 3020 ppm. A similar washer in- 
stalled at the Richmond plant of the Virginia Electric & Power 
Company gave a comparable performance. 


PERFORMANCE 


Fig. 12 illustrates a five-drum double-set 1350-lb boiler at the 
River Rouge plant of the Ford Motor Company. Tests of this 
unit have shown excellent performance. The range in efficiency is 
from 88 per cent at 400,000 lb of steam per hr to about 84 per 
cent at 1,000,000 lb. The superheat curve is remarkably flat, 
with the design point at 900 F and the performance range from 
810 F at 400,000 lb to about 910 F at 1,000,000 lb. The results 
of seven tests on this boiler have been published.‘ 

Fig. 13 shows one of four boilers installed at Waterside Station 
of the Consolidated Edison Company of New York, Inc., two of 
which have been operated since October, 1937. Their rated 


Fic. 13 Borer aT WATERSIDE STATION OF THE CONSOLIDATED 
Epison Company or New York, INc. 
(Capacity, 500,000 lb of steam per hr at 1350 lb and 900 F.) 


capacity is 500,000 lb per hr each at 1350 lb and 900 F steam 
temperature. When operating at any capacity between 200,000 
and 500,000 Ib per hr, slag flows freely and continually. The 
ash-fusion temperature of the coal used is 2650 F. For the past 
6 months these boilers have had an availability factor of slightly 
better than 90 per cent. 

A unit of almost identical design is installed at the Northeast 


4 Combustion, April, 1937. 
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Station of the Kansas Ci . y Power and Light Company; the prin- 
cipal difference is in ms capacity and steam-temperature re- 
quirements, which are: ¢apacity, 300,000 lb per hr; steam tem- 
perature, 815 F; reheat) temperature, 700 F. The furnace de- 
sign is based on a specified ash-fusion temperature of 1950 F. 
From operating data so far obtained this unit has been entirely 


in 


Fic. 14 Unit Berne ERECTED FOR THE OHIO PowER COMPANY AT 
Winpsor, OHIO 
(Capacity, 750,000 Ib of steam per hr at 1350 lb and 925 F.) 


free from slag on the inclined rows of boiler tubes or in the super- 
heater, although it has been operated at capacities ranging from 
250,000 to 325,000 lb per hr. A light spongy accumulation 
builds up on the refractory between waterwall risers, which 
usually falls into the furnace. In corners this accumulation may 
bridge to the refractory over the upper waterwall headers and 
occasionally must be blown off with a lance. 

Fig. 14 shows the unit now being erected for the Ohio Power 
Company at Windsor. This is designed for a maximum evapo- 
ration of 750,000 lb per hr at 1350 Ib. The superheat require- 
ments are shown in Fig. 15. From points B to C constant steam 
temperature is obtained by a gas by-pass damper. From A to 
B the temperature is maintained at 925 F by using auxiliary burn- 
ers located in the upper front wall. 

Fig. 16 shows one of two 1400-lb units now being erected at 
the Schuylkill plant of the Philadelphia Electric Company. The 
capacity of each is 600,000 lb per hr at 935 F, with a peak ca- 
pacity of 660,000 lb per hr. 


Furnace Borrom AND WALLS 
A question that frequently arises is under what conditions 4 
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slagging-bottom furnace is preferred to a dry-bottom furnace. 

The principal conditions which determine the practicability 
and desirability of a slagging-bottom furnace are load factor, 
fusion temperature of ash, and amount of ash in the coal. Gen- 
erally speaking, with a low-fusion ash and a high load factor, a 
slagging bottom is preferable. For ash-fusion temperatures of 
from 2000 to 2250 or 2300 F the load may vary from full to less 
than one half without causing difficulty in disposing of the ash. 
As the fusion temperature of the ash increases, the range of load 
over which satisfactory fusion and flow of ash occurs is smaller. 
If the ash-fusion temperature is in the range from 2600 to 2700 F 
the load factor, generally speaking, should be held between 1.0 
and 0.75. 

Formerly, most slagging furnaces were of the intermittent or 
tapping type. Most, if not all, of the more recent installations 
are of the continuous-flow type. 

The principal advantage of the latter lies in the fact that there is 
no accumulation of molten slag which, if a leak develops, can flow 
over or onto a tube in the bottom or side and cut into the tube 
wall or burn through atube. The extent of damage with this type 
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depends on the weight and temperature of the slag flowing in a 
given time and the sectional area of the slag stream. For ex- 
ample, in one case a stream of slag of '/, in. diam, totaling about 
25 lb, flowing onto a horizontal tube, cut a hole through the tube 
wall. 

In the designs shown, the floor of the furnace is formed by 
horizontal fin tubes connecting the front and back bottom head- 
ers. These tubes are supported at intervals by structural mem- 
bers which are suspended from the headers. On top of these 
floor tubes is a layer of dry chrome ore about 2 in. deep, or to 
about 3!/: in. above the center line of the tubes. Below the tubes 
is refractory backing, insulation, and a steel-plate casing. Dry 
chrome ore is preferred to a monolithic chrome bottom as the 
latter will crack and open with temperature changes. 

The side walls of the furnaces are made up of 3-in. tubes 
spaced 5'/s in. on centers and the space between the tubes is 
closed by segmental fins, 1 in. wide, welded to the tubes. On 
slagging furnaces these fins are '/2 in. thick, 1 in. wide, and 1 in. 
long, and are welded by the resistance-weld method. Back of 
the fin tubes is laid a course of tiles which conform to the shape 
of the tube and fins; next comes 3'/2 in. of rock wool and a flat- 
panel steel casing. The outside-casing temperature of a furnace 
of this design is about 120 F. 

Because of the flexibility of this type of wall, which is from 30 
to 35 ft high, it is necessary to provide roundabout buckstays so 
Spaced that the furnace walls will withstand an internal pressure 
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of from 20 to 30 lb per sq ft. The wall tubes are tied to these 
roundabout stays to hold the casing and insulation tight against 
the tubes. The usual specification for boilers calls for a complete 
steel casing for the entire unit. The writer believes that such 
casings for the furnace walls above the side and front wall headers 
are unnecessary and have little value except for appearance. 
They are expensive to design because of the number of access, 
inspection, and lancing doors and soot-blower inserts which 
necessitate irregular or odd-shaped panels. Cracks in brickwork 
cannot be easily detected and it is difficult to trace leaks. 

For upper walls of moderate height a solid brick wall with in- 
sulation properly tied to buckstays costs considerably less than 
a cased wall. Cracks or leaks can be easily found and repaired. 
High walls may be of the suspended type and without casing. 


BURNERS 


Burners for pulverized coal are of several types usually known 
as horizontal turbulent, vertical turbulent, vertical and_hori- 
zontal intertube, Lopulco vertical fantail, and tangential. 
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Fie. 16 One or Two Units Berna ERECTED AT THE SCHUYLKILL 
PLANT OF THE PHILADELPHIA ELECTRIC COMPANY 


(Capacity, 600,000 lb of steam per hr at 1400 lb and 935 F.) 


Tangential burners produce the greatest degree of turbulence 
and may be used with either dry-bottom or slagging-bottom 
furnaces. Tangential burners have been designed to use oil, 
natural gas, and blast-furnace gas, either singly or simultaneously 
and in any proportions. These burners may also be adapted to 
burn coal, oil, and natural gas or coal, blast-furnace gas, and oil. 
Horizontal turbulent burners are easily arranged to burn coal, 
oil, and natural gas. 

Because of the higher rate of heat absorption obtained, tan- 
gential firing is preferred for large units. Distribution of heat on 
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the walls is more uniform than with other methods of firing and 
furnace exit temperatures are lower. 


Drums AND TUBES 


Large single-drum and three-drum boilers are preferably sus- 
pended by U-bolts from overhead. This method of suspension 
is superior to the use of brackets attached to the underside of 
drums and resting on steel girders below. The U-bolt suspension 
is more flexible and permits free expansion of drums. 

Where drums rest on girders, unless rollers are used between 
brackets and girders, the stress parallel to the flanges may be ex- 
cessive. Such girders must be ventilated or insulated; in either 
case the continuity of the upper side-wall brickwork is broken 
and the walls are weakened. 

The rolling of heavy-wall tubes requires considerable care and 
understanding of the various factors that enter into the problem. 
The writer recommends the practice of boring the ends of heavy- 
wall tubes to insure concentric tube ends and a uniform wall 
thickness. 

Tubes should be soft, with a Rockwell B hardness number not 
over 66 or 67. Because they require less rolling, narrow tube 
seats are preferable to wide ones, but in thick drums counter- 
boring to make narrow tube seats requires thicker drums. There- 
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fore, a compromise is made and tube seats as wide as 2 to 2!/. in. 
are used. When tube holes are counterbored care is taken that, 
on the lower drum, the tube seats on the upper half are counter- 
bored from the inside so that there are no annular spaces between 
tube and drum to collect ash and moisture condensed on the tube 
when the boiler is cold. Such pockets collect acid which cor- 
rodes the tubes and drum. On upper drums the counterbore 
may be on the outside; less metal is removed and the drum may 
be thinner than when counterbored on the inside. In addition 
to the general features of design and the few details mentioned, 
there are innumerable details of design and construction which 
must be considered. To cover these details would take consider- 
able time, and as many are not peculiar to large high-pressure 
boilers they are beyond the scope of this paper. 

Such operating data as are available at this time lead to the 
following conclusions: 

1 The designs presented, which comprise the application of 
water-cooled walls to boiler types that have had a satisfactory 
performance record, have been developed along sound engineer- 
ing lines. 

2 They will meet the demands of those requiring dependable, 
efficient, and economic high-pressure steam-generating units of 
large capacity. 
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The Proportioning of Materials in Process 
Engineering 


By J. C. WITT,' 


In all process industries in which two or more raw ma- 
terials are used, proportioning is an essential step. A 
search of the literature indicates that proportioning calcu- 
lations have received less study than other types of calcula- 
tions, or other details of process industries. As the num- 
ber of raw materials and the number of the required con- 
stituents of a product increase, the calculations become 
more difficult. Generally, equations are set up and solved 
for each problem, individually. This requires consider- 
able time and encourages the substitution of approxima- 
tions for accurate calculations. 

The author has developed formulas which are appli- 
cable to proportioning problems involving as many as four 
raw materials and four required constituents of the prod- 
uct to be manufactured. The number of raw materials 
and constituents could be extended. A graph has been 
prepared by the use of which preliminary information on 
the suitability of a set of raw materials for a given product 
may be obtained. In some cases, this eliminates many 
preliminary calculations. The author's formulas were de- 
veloped for use in one process industry, but are applicable 
to all industries in which corresponding calculations are 
required. They decrease the time for making calculations 
to a small fraction of the time that would be required 
otherwise, without affecting the accuracy. 


N ALL process industries in which two or more raw materials 

are used, proportioning is an essential step. It is usually 

one of the first steps—preceded only by the obtaining of the 
raw materials, and by such preliminary treatments of each ma- 
terial as crushing, drying, and grinding. When the materials are 
proportioned, each should be as nearly homogeneous ‘chemically 
and physically as conditions permit. 

Proportioning should be followed by adequate blending, di- 
rectly after the materials come together. This should not be left 
to chance, but should be given as much care, in plant design, as 
any other operation. Although, in general, additional blending 
takes place at successive points in a process, this should not be 
considered a substitute for positive blending at the beginning. 
Incorrect proportioning and blending tend to increase production 
costs and to result in products that are irregular in composition. 

Calculations for the proportioning of materials seem to have 
received less study than other types of calculations, or other de- 


‘ Manager, Research and Development, Universal Atlas Cement 
Company, Mem. A.S.M.E. Mr. Witt was graduated from the Uni- 
versity of Chicago and received an M.E. degree from Armour Institute 
of Technology, and a Ph.D. degree from the University of Pitts- 
burgh. His technical experience has included experimental engineer- 
ing, plant operation, research, development, and consultation, most 
of which has been related to the manufacture and use of cement and 
other materials of construction. 

a Contributed by the Process Industries Division and presented at the 
Semi-Annual Meeting of THe AMERICAN Society oF MECHANICAL 
ENGINEERS, held in St. Louis, Mo., June 20-23, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 
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tails of process industries. At least, this is the impression the 
author has received from general observations and from the litera- 
ture. Because some calculations are long and tedious, there is 
a temptation to substitute various types of approximations. 
The author has developed a procedure by which proportioning 
calculations may be made easily and rapidly without sacrificing 
accuracy. 

Most of the work was completed in 1935. At the time there 
was no intention of preparing a paper for publication. Later 
the literature was consulted, including journals, and books on 
mathematics, engineering, and manufacturing. Nothing closely 
related to the work was found, but two published references»? 
and one unpublished reference‘ are cited. It is probable, how- 
ever, that other work along the same lines has been carried out, 
and some of it may have been published. The nature of the 
subject matter renders difficult its location in the literature. 

Proportioning problems cover a wide range, from simple to 
complex, depending on a number of factors. The materials may 
be either solids or fluids. The proportioning equipment may be 
either gravimetric or volumetric, and either batch or continuous. 
The procedure to be described is applicable to all classes of ma- 
terials and proportioning equipment, but, for simplicity, this de- 
scription will be restricted to solid materials, proportioned by 
weight. Three cases are considered. 

Case 1. Two or more materials are proportioned to prepare 
a mixture of desired percentage composition. The constituents 
of each material, chemical changes, and chemical or mechanical 
losses or gains in weight are not taken into account. An example 
is the preparation of a mixture of dry sand and dry gravel to con- 
tain 40 per cent of the former and 60 per cent of the latter. 

Case 2. Two materials, having a constituent in common, are 
proportioned to prepare a product containing a desired percentage 
of the constituent. Chemical changes and chemical or mechani- 
cal losses or gains in weight may or may not be taken into ac- 
count. 

Case 3. Three or more materials are proportioned to prepare 
a product containing a number of constituents. Each material 
contains one or more of the constituents of the product. Chemi- 
cal changes and chemical or mechanical losses or gains in weight 
may or may not be taken into account. 

In these three cases chemical changes refer to any chemical 
reactions that may take place between or among the materials in 
a mixture, during a manufacturing process. Chemical or me- 
chanical losses or gains refer to any change in the weight of one or 
more of the materials. Examples are loss of moisture or com- 
bined water, absorption of water, oxidation, and reduction. Also, 
there may be losses due to leaking or dusting, and gains due to 
contaminating substances. There frequently are variations due 
to irregularities in the composition of the materials, irregularities 
in the composition and quantity of the fuels, and changes in 
temperature, pressure, humidity, and velocity. 

In the solution of a proportioning problem, the quantities of 
the materials required represent the only variables. All other 


2 ‘*Portland Cement,’ by R. K. Meade, third edition, Chemical 
Publishing Company, 1926, pp. 75-95. 

3 “Calculation of Raw Mix for Production of Clinker,’’ by H. H. 
Steinour and H. Woods, Rock Products, vol. 33, no. 6, 1930, p. 75. 

4 Unpublished manuscript, by L. A. Dahl, 1936. 
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quantities must be considered constants for the time being. 
Losses and gains that can be calculated should be taken into ac- 
count in advance. No attempt should be made to take into ac- 
count losses and gains that may be irregular, or concerning which 
sufficient information is not available. When a process is in 
operation, corrections may be introduced by comparing re- 
peatedly the calculated theoretical results with the results actu- 
ally obtained, and making adjustments on this basis from time 
to time. 

Although the procedures and formulas discussed in this paper 
were developed in connection with the manufacture of cement, it 
was evident that they are applicable to other manufacturing proc- 
esses requiring the proportioning of materials. Consequently, 
they are stated in general terms so that they may be used in con- 
nection with other industries, and so that one need not be familiar 
with the details of cement manufacture to be able to follow the 
discussion readily. For convenience, the principal examples to 
which reference is made in discussing the calculations are taken 
from the cement industry. 

Case 1 is so elementary that no comments are considered neces- 
sary. Case 2 also is simple. Anyone with a working knowledge 
of algebra and of the fundamentals of the industry in which he is 
interested, can prepare and solve equations that will give him 
the desired results. However, the calculations require some 
little time. 

In 1925 the author became interested in what may be called 
the finer points of proportioning. At a cement plant, two raw 
materials were proportioned to obtain a product containing a de- 
sired percentage of calcium oxide. Frequent determinations of 
the calcium oxide in each material were made. However, the 
information could not be utilized to full advantage because there 
was not sufficient time available for making the needed calcula- 
tions. This situation was remedied by preparing tables covering 
the full range of calcium oxide in each of the raw materials, and 
in the product, in steps of 0.25 per cent. The tables were volumi- 
nous (containing almost 35,000 terms). Their preparation re- 
quired the equivalent of one man’s time for several weeks, al- 
though every mathematical short-cut that could be found was 
employed, including some procedures mentioned in a former 
paper. However, these tables have been in constant use for 
more than 12 years, and it is very likely that they will be used as 
long as the plant is in operation. It is estimated that the tables 
have eliminated the individual solution of nearly 200,000 equa- 
tions—the answers to which would have been required for the 
accuracy in proportioning obtained by the use of the tables. 
This is an example of how it may pay to develop procedures by 
which simple calculations may be made in advance, so to speak, 
so that their results are available indefinitely. The original in- 
vestment pays large dividends in time, accuracy, and general 
satisfaction. 

Previous to the last few years, many cement plants used only 
two raw materials. As a rule, proportioning involved only the 
increasing of one or the other of the two, to keep the calcium-oxide 
content within desired limits. Case 2 calculations were sufficient. 
Occasionally a third material was needed to modify the silica 
ratio, for example, but the permissible range of composition was 
wide and usually approximate results were satisfactory. 

In 1929, for the first time, the author found it necessary to use 
four raw materials to make a product of a definite composition. 
The occasion was the placing in operation of an experimental 
plant. The calculations required were long and tedious. Later, 
shorter procedures were found and finally the formulas explained 


5‘*The Rapid Preparation of Tables,’’ by J. C. Witt, Journal of 
Industrial and Engineering Chemistry, vol. 12, no. 6, 1920, p. 591. 

6 “Large-Scale Cement Research,” by J. C. Witt, Concrete, Ce- 
ment Mill Section, vol. 40, no. 10, 1932, pp. 35-39. 
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in this paper were developed. This experience proved to be valua- 
ble, because within a few years the use of three or four materials 
at commercial plants became prevalent due to diversification of 
products in the cement industry. 

It is evident from the statement of case 3, that as the number 
of required constituents in the product increases, the calculations 
become more complex. While, theoretically, the number of con- 
stituents of the product does not determine the number of ma- 
terials required, practically this seems to be the case. The for- 
mulas have been prepared to cover a maximum of four constitu- 
ents in the product and in the four materials. Of course there is 
no limit to the number of materials or to the number of required 
constituents in the product. It should be possible to develop 
formulas for any number of materials and constituents, but the 
formulas would become complex. 

In some cases, formulas for more than four materials or con- 
stituents would be helpful, but the need for them has not arisen 
with sufficient frequency to justify the labor of preparing them. 
A four-material problem of the case-3 type, ordinarily is solved 
by setting up four equations in four unknowns, and then solving 
the equations. The practice has been to use numerical coef- 
ficients for the unknown quantities, which means that each prob- 
lem must be solved individually. Regardless of the number of 
problems, it has been necessary to repeat the algebraic procedures 
of substitution, transposition, and elimination for each problem. 

It occurred to the writer that it should be possible to set up 
the original four equations using literal coefficients, and then solve 
these equations to obtain a value for each unknown in terms hav- 
ing general rather than particular values. Substitution of nu- 
merical values in the formulas should give the results sought. 
In other words, the formulas in effect would represent the com- 
mon solution of such problems. There are many engineering 
formulas of this general type. 

The best way to explain the procedure is to follow through an 
example. Suppose it is required to manufacture a cement clinker 
of the following four-constituent composition: (1) Silica (SiO.) 
= 22.51 per cent, (2) alumina (Al,0;) = 4.19 per cent, (3) ferric 
oxide (Fe,0;) = 3.32 per cent, and (4) calcium oxide (CaO) = 
69.98 per cent. 

Such an analysis represents the major constituents of clinker, 
and is obtained from a complete analysis by dividing the percent- 
age of each major constituent by the sum of the four major con- 
stituents. 


TABLE 1 ANALYSIS OF MATERIALS 
Constituentno. 1 2 3 4 
Vola- Undeter- 
Per cent.......SiO02 CaO MgO MnO tile mined 
Material no.: 
1 Sand..... 76.58 4.28 2.00 4.82 2.77 re. 5.55 4.00 
2 Slag..... 38.33 11.29 2.95 44.22 2.44 0.83 bad 0.84 
3 Limestone 0.67 0.31 0.20 54.18 0.90 43.48 0.26 
4 Mill scale 0.00 0.00 99.58 0.00... ct ead 


TABLE 2 FOUR-CONSTITUENT ANALYSIS OF MATERIALS 


1 2 3 4 
Material no.: 


Four materials are available. The complete analysis of each 
is given in Table 1, and the calculated four-constituent analysis 
is given in Table 2. The latter eliminates (for the purpose of the 
calculation) the minor constituents, and in the case of the lime- 
stone, the carbon dioxide which will be lost in the kiln. Mill scale 
is a by-product of steel mills. The sample mentioned here has 4 
total iron content of 99.58 per cent (calculated to Fe,O;). Much 
of the iron is present as Fe;O,, which in the kiln becomes oxidized 
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TABLE 3 CONSTITUENTS OF THE MATERIALS AND OF THE 
PRODUCT 


87.34 4.88 2.28 5.50 
a e t n 
37.97 34.77 2.14 46.12 
b f P 
3 1.21 0.56 0.36 97 .87 
c 9 k q 
4 0.00 0.00 100.00 0.00 
d m r 
8 t u v 
Note: The letters a, b, c, etc., are the algebraic quantities that represent 
the constituents. 
to Fe,O;. Consequently, it is assumed for the purpose of calcula- 


tion that the material is 100 per cent Fe,O;. The constituents 
of each of the materials and the product are listed in Table 3. 
The initial equations are developed as follows: 


Let a, b, c, d = percentage of the first constituent of each ma- 

terial, respectively 

e,f, 9, h = percentage of the second constituent of each ma- 
terial, respectively 

i,j, k, m = percentage of the third constituent of each ma- 
terial, respectively 

n, P, 9, 7 = percentage of the fourth constituent of each ma- 
terial, respectively 

s, t, u,v = 100 times the percentage of each of the four con- 
stituents of the product, respectively 

Z,y,2,w = the pounds of materials numbers 1, 2, 3, and 4 
required for 100 pounds of the product, re- 
spectively 


“s = ax + by + cz + dw 
t=exr +fy +gz+hw 
u=itx + jy + kz + mw 
v=nzr+py+qe trw 


Then 


Although these are first-degree equations, their solution (for 
zx, y, 2, and w) involves a large number of binomials, the handling 
of which becomes rather complex. For example, the value of z 
expressed in terms of a, b, c, etc., involves 96 terms. 

To simplify the solutions, the following substitutions are made: 
Let A = a—d; B =b—d; C =c—d; D=s— 100d; E = 

e—h; F =f—h; G=g—h; H =t—100h; I =i— 
m; J =j—m; K =k—m; L = u— 100m. 
Taking advantage of the fact that 


s+t+u+v = 100 
r+yt+z+w = 100 
the values for x, y, z, and w are found to be 
_ (DFI + AHJ + BEL) — (DEJ + BHI + AFL) 
(CFI + AGJ + BEK) — (CEJ + BGI + AFK) 


[1] 
_ (DE — AH) — (CE — AG)z [2] 
= 2 
D — By — Cz 
= [3] 
w= 100— (x +y [4] 
D = 2251.00 


T —1150.16 
DFI = —2589010.16 


AH = 36595. 46 
J= —97 . 86 
AHJ = —3581231.72 
BE = 195.05 
= —9668 . 00 
BEL = —1885743.40 
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These are the materials formulas. 

The 22 intermediate equations are not shown. In such equa- 
tions it is customary to substitute back original quantities (such 
as a —d for A, etc.). In this work, however, it has been found 
convenient to leave the formulas in the form as shown, substitut- 
ing the numerical values for A, B, C, etc., in a given problem to 
obtain the desired solution. 


TypicaAL PROPORTIONING CALCULATIONS EMPLOYING THE 
MATERIALS FORMULAS 


The procedure is outlined so that it may be followed in detail. 
The calculations may be made without logarithms or with loga- 
rithms. The former has the advantage that only simple arith- 
metic is required, although the calculator must understand 
positive and negative quantities. The latter is much faster for 
one who can use logarithms with facility. Since some of the 
quantities appear a number of times, only a few logarithms are 
required. It is desirable to employ six-place logarithm tables, not 
using proportional parts. 

1 Calculate each material and the product to the basis of four 
major constituents by dividing each major constituent by the 
sum of the four major constituents in each case. Set down thie 
percentage of each constituent of each material. Multiply by 
100 the percentage of each major constituent of the product and 
set down the results: 


Constituent......... No. 1 (SiOz) No.2 (AlO3) No.3 (Fe2O3) No. 4 (Ca9) 
Material: 
a= 87.34 e= 4.88 i = 2.28 n= 5.50 
= 39.97 f= 11.77 = 2.14 p= 46.12 
No. 3, limestone... ¢ = 1.21 g= 0.56 k = 0.36 q= 97.87 
No. 4, mill scale.. d = 0 h= 0 m= 100.00 r = 0 
Product........ s = 2251.00 = 419.0 u = 332.0 » =6998.00 


2 Set down the values for a, b, c, etc.; also, the values for 
100d, 100k, and 100m. Make the subtractions a — b, b — d, etc.., 
designating the differences as A, B, C, etc.: 


a = 87.34 s = 2251 g = 0.56 j= 2.14 
d= 0 100d = h=0 m = 100.00 
A = 87.34 D = 2251 G = 0.56 J = —97.86 
b = 39.97 e = 4.88 t = 419 k= 0.36 
d= 0 h =0 100k = m= 100.00 
B = 39.97 E = 4.88 H = 419 K = —99.64 

= 1.21 f = 11.77 ‘= 2.88 u= 332 
d=0 h= 0 m = 100.00 100m = 10000 
Cc = 1.21 F = 11.77 I = —97.72 L = —9668 


CatcuLaTions WitHout LOGARITHMS 


3 Set down the values for A to7. Make the multiplication A 
X F,A X G, ete. 


A= 87.34 B= 39.97 F= 11.77 
F= 11.77 E= 4.88 I= —97 .72 
AF = 1027.99 BE = 195.05 FI = —1150.16 
A= 87.34 = 1.21 G = 0.56 
G= 0.56 E= 4.88 [= —97.72 
AG = 48.91 CE = 5.90 GI = —54.72 
A= 87.34 D = 2251.00 H= 419.00 
H = 419.00 E= 4.88 I= —97 .72 
AH = 36595.46 DE = 10984.88 HI = —40944.68 
4 Set down the values for D, FI, AH, J, etc. Make the 
multiplications D xX FI, AH X J, ete.: 
DE = 10984 .88 C= 1.21 CE = 5.90 
J= —97 . 86 FI = —1150.16 J= —97 . 86 
DEJ = —1074980.36 CFI = —1391.69 CEJ = —577 .37 
B= 39.97 AG = 48.91 B= 39.97 
HI = —40944 68 J= —97. GI = —54,72 
BHI = —1636558. 86 AGJ = —4786.33 BGI = —2187.16 
AF = 1027 .99 BE = 195.05 AF = 1027.99 
—9668 .00 K= —99. 99 


L= 64 K= —99.64 
AFL = —9938607 .32 BEK = —19434.78 AFK = —102428.92 
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5 Set down the values for DFJ, AHJ, etc., and add each col- 
umn separately: 


DFI = —2589010 DEJ = — 1074980 CFI = —1392 CEJ = —577 
AHJ = —3581232 BHI = —1636559 AGJ = —4786 BGI = —2187 
BEL = —1885743 AFL = —9938607 BEK = —19435 AFK = —102429 
Total = —8055985 Total = —12650146 Total = —25613 Total = —105193 


6 Substitute the numerical values of DFI, AH, etc., in Equa- 
tions [1], [2], [3], and [4], and solve for z, y, z,and w. The results 
are 


‘a 2251 — 39.97 (27.77) — 1.21 (57.73) _ 2251 — 1109.97 — 69.85 


87.34 87.34 
1071.18 
ee = 12.26 lb of material No. 1 (sand) 
—25610.58 — (—43.01) 57.73 —23127.61 
y= 339.94 930.94 27.77 lb of material 


No. 2 (siag) 


(—8055985) — (—12650146) _ 4594161 


- (— 35613) — (— 105193) 79580 7 57.73 lb of material No. 3 


(limestone) 
w = 100 — (12.26 + 27.77 + 57.73) = 2.24 lb of material No. 4 (mill scale) 


CALCULATIONS WiTH LOGARITHMS 


For convenience in finding the logarithms, the Equations are 
given here in the order [2], [3], [4], and [1]. For the same reason, 
the logarithms for J, J, K, and L are first set down in connection 
with Equation [2], although they are not used until later. After 
the value for z has been found in Equation [1], it is available for 
use in Equation [2]. 

7 Set down the logarithm for each quantity, as indicated: 
For Equation [2] 


Log D = 3.352375 Log C = 0.082785 
Log E_ = 0.688420 Log E_ = 0.688420 
Log DE = 4.040795 Log CE = 0.771205 
DE = 10985 CE = 5.905 


= 1. = 1.941213 

Log H_ = 2.622214 Log G_ = [{.748188 

Log AH = 4.563427 Log AG = 1.689401 
AH = AG = 48.910 


DE—AH= —25605 CE—AG = —43.000 
Log B = 1.601734 Log I = 1.989983 
Log E = 0.688420 Log J = 1.990605 
Log BE = 2.290154 Log = 1.998434 

BE = 195.1 Log L = 3.985337 
Log A = 1.941213 
Log = 1.070776 
Log AF = 3.011989 
AF = 028 
BE— AF = —833 
(DE — AH) = —25605 
Log (CE — AG) = 1.633468 
Log z = 1.761498 
Log (CE — AG)z = 3.394966 
(CE — AG)z = —2483 
(DE — AH) — (CE — AG)z = —23122 
Log (DE — AH) — (CE — AG)z = 4.363988 
(BE— AF) = —833 
Minus log (BE — AF) = 2.920645 
Log y = 1.443343 
27.75 
For Equation [3] 
Log B = 1.601734 Log C = 0.082785 
Log y = 1.443343 Log z = 1.761498 
Log By = 3.045077 Log Cz = 1.844283 
By = 1110 z= 69.87 
3 — By — Cz) = 1071 
Log (D — Py — Cz) = 3.029789 
Minus log A = 1.941213 
Logz = 1.088576 
z= 12.26 


For Equation [4] 


z = 12.26; y = 27.75; z = 57.74; 2 +y +2 = 97.75 
w = 100 — 97.75 = 2.25 


For Equation [1] 


Log D = 3.352375 Log DE = 4.040795 
Log F = 1.070776 Log J = 1.990605 
Log I = 1.989983 Log DEJ_- = 6.031400 
Log DFI = 6.413134 é 
DFI = — 2589000 DEJ = — 1075000 
Log AH = 4.563427 Log B = 1.601734 
Log J 1.990605 Log H = 2.622214 
Log AHJ = 6.554032 Log I = 1.989983 
Log BHI = 6.213931 
AHJ = —3581000 BHI = —1637000 


Log L = 3.985337 Log L = 
Log BEL = 6.275491 Log AFL = 6.997326 
BEL = —1886000 AFL = —9939000 
(1) = —8056000 (2) = —12651000 
Minus (2) = —12651000 
Numerator = 4595000 
Log of numerator = 6.662286 
Log C = 0.082785 Log CE = 0.771205 
Log F = 1.070776 Log J = 1.990605 
Log I = 1.989983 Log CEJ = 2.761810 
Log CFI = 3.143544 CEJ = —577.8 
CFI = —1392 
Log AG = 1.689401 Log B = 1.601734 
1.990605 Log G = ][.748188 
Log AGJ = 3.680006 Log I = 1.989983 
Log BGI = 3.339905 
AGJ = —4786 BGI = —2187 


Log BE = 154 Log AF = 3.011989 
Log K = 1.998434 Log K = 1.998434 
Log BEK = 4.288588 Log AFK = 5.010423 
BEK = — 19440 AFK = —102430 


_ (3) = —25618 (4) = —105195 
Minus (4) = —105195 
Denominator = 79577 Log of numerator 6.662286 
Log of denominator = 


Log z 


4.900788 Log of denominator = 4.900788 


The number of decimal places retained determines the accuracy 
of the calculations. Multiplications may be made with absolute 
accuracy by retaining all decimals, but this is not always true 
with divisions. A few trials will indicate how far decimals must 
be carried to give the desired accuracy. It has been found that 
in section 4, only whole numbers need be used, as a rule. 

It is necessary to pay careful attention to negative signs. A 
single error will lead to an incorrect result for the entire calcula- 
tions—unless there happen to be compensating errors. It has 
been found helpful, in the interest of accuracy, to place either 4 
positive or negative sign before each quantity—in place of desig- 
nating only negative quantities, as is customary. 

When the calculations are proved, it is found that the result 
agrees exactly with the four-constituent analysis of the product 
given previously. The complete analysis of the product now may 
be calculated. It is: SiO, = 21.78 per cent; Al,O; = 4.05 
per cent; Fe,O; = 3.22 per cent; CaO = 67.71 percent; MgO = 
1.97 per cent; MnO = 0.23 percent; Undetermined (alkalies, 
volatile, etc.) = 1.04 per cent. 

The product represents what may be termed ideal clinker, that 
is, what would be obtained if there were no changes in the manu- 
facturing process except those which have been taken into ac- 
count in developing the formulas. 

There are only two conditions under which results cannot be 
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obtained with the formulas (taking into account the limitations 
that have been pointed out). 

1 It is not always possible to obtain the desired product with 
the materials available. In this case, it is necessary to make some 
change in the materials, or to be content with some modification 
in the product. When this is not apparent from general observa- 
tion of the constituents, the calculation should be started in the 
usual way. Generally, one of the material weights will appear 
as a negative quantity. In any event, the results obtained can- 
not be proved, and, therefore, are obviously incorrect. 

2 It may happen, that due to some duplication in the values 
fora to r, BE = AF, in Equation [2]. This results in a zero 
value for the denominator and the equation cannot be solved. 
In this case, the value for y may be found from the equation 
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A number of preliminary calculations may be made from which 
some information of interest may be obtained without completing 
the whole procedure. For example, referring to Table 3, s/a = 
25.77; t/f = 35.60; v/q = 71.50; and u/m = 3.32. 

This means that the quantity of material No. 1 required for 
100 Ib of product will not be greater than 25.77 Ib; No. 2, not 
greater than 35.60 lb; and so on. Such information might be 
worth while if one material were relatively expensive, or the sup- 
ply limited, 


Fig. 1 MatTeriats AND ConsTITUENTS FOR 100 LB or PropuctT 
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There is some choice in selecting the major constituents of the 
materials. For example, if the iron content of all the materials 
were low, and the magnesia content of the product relatively high, 
MgO could be used in place of Fe,O; in the calculations. 

It is obvious that the use of the formulas is not restricted to 
four materials nor to four constituents. They may be employed 
for a less number of either materials or constituents, assigning 
zero values to some of the quantities, as indicated previously. 
However, it is difficult to find two or even three materials that will 
give a product for which the percentage of each of four constituents 
is specified. This means that (within reasonable limits) as the 
number of available materials increases, the probability of finding 
a solution for a proportioning problem increases. 

Under some conditions it is possible to use the formulas for more 
than four materials. Suppose there are five materials, each con- 
taining the same constituents, and it is satisfactory that the ratio 
of material No. 4 to No. 5 remain constant. Then, the analysis 
of a given mixture of the two may be calculated, and the result 
handled in the formulas as the analysis of a single material. Also, 
an additional constituent can be introduced, in a fifth material, 
if the fifth material consists of this constituent only, and the 
constituent is present in none of the other four materials. 

Considerable information may be obtained readily by the use 
of a graph such as shown in Fig. 1. Of course, as the scale of the 
graph increases, the accuracy of such information increases. 
The abscissa indicates weights of materials, and the ordinate 
indicates weights of constituents of materials. Horizontal 
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broken lines indicate the pounds of each constituent in 100 lb of 
the product. The graph shown here has been plotted for the 
example mentioned in this paper. 

-Of course, if the product is to contain 69.98 per cent of calcium 
oxide, at least one material must contain more than that percent- 
age of calcium oxide. This is indicated on the graph by a cal- 
cium-oxide line of a material crossing the calcium-oxide line of the 
product. Only one such line crosses—that representing the cal- 
cium oxide in the limestone. In the same way it may be observed 
that only two materials (slag and sand) can supply sufficient 
silica; only one, sufficient alumina; and only one, sufficient iron. 
The points on the graph at which the diagonal lines cross the 
horizontal lines indicate how much of a given material would be 
required in order to supply all of a given constituent in the 
product. 

On the basis of the maximum quantities of materials, a guess 
of the quantities required for the product may be made. The 
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composition of the product resulting from such a proportion of 
the materials can be found from the curve, another guess may be 
made, and so on. Theoretically, the difference between the as- 
sumed product and the desired product will continue to diminish, 
so that if a sufficient number of trials is made, the correct result 
will be obtained. However, it is probable that such a trial-and- 
error method would require more time than the actual calculation 
in most cases. It is necessary to prepare a graph for each product 
and set of materials. Time may be saved by providing forms in 
advance, so that to prepare a graph it is necessary only to draw 
a few straight lines. 

In using the formulas for a series of proportioning calculations, 
the product or one or more of the materials may remain the same. 
In such cases, some steps are common to the series and advantage 
of them may be taken to decrease the average work per calcula- 
tion. The preparation of auxiliary tables and graphs will de- 
crease, still further, the required work. 
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An Ouil-Bath-Lubricated Railway Bearing 


By ALBERT VIGNE,' ano I. EUGENE COX,? ST. LOUIS, MO. 


The history of the development of an oil-bath-lubri- 
cated bearing is introduced by a brief summary of condi- 
tions showing its need. Problems encountered in the 
application of this developed journal unit to standard car 
axles are described with recommendations for modifica- 
tion of practices and tolerances. Material tests and 
temperature and frictional characteristics of the new 
journal unit and their derivations are presented, and 
oriented by similar characteristic determinations on 
A.A.R. journal units. 


INTRODUCTION 


ROM a broad point of view, there has been no fundamental 

change in journal-bearing or box design of the A.A.R. type 

since 1875, (1)? and no change in the method of lubrication 
since 1850, which is truly a remarkable record. 

In the last decade, scheduled speeds for passenger service have 
increased about 50 per cent and, paradoxical as it may seem, there 
has been an improvement in schedule performance despite the 
increased hazard of mechanical failure. Failures, with resultant 
delays and impairment of service, have prompted the railroads to 
appeal to the manufacturers for bearings of improved design. 
The manufacturers have responded by developing structural modi- 
fications of the A.A.R. bearing, and various wick and pad oilers as 
substitutes for waste. These laudable efforts‘ may have resulted 
in a reduction of the effects of the trouble, but have not removed 
the fundamental causes. 

In 1927, the first train equipped with roller bearings was put in 
service. The use of these bearings has increased to where they 
are now commonly applied on new equipment, and to a lesser ex- 
tent to replace A.A.R. bearings on existing equipment, establish- 
ing improved but not entirely satisfactory reliability, with in- 
creased weight and cost (1). 

Considerable stress has been laid on friction reduction in the 
exploitation of roller bearings. The only clearly conceded ad- 
vantage in the friction characteristic of the roller bearing over the 
A.A.R. type is the lower starting resistance. No conclusive 
evidence has been presented to indicate any reduction in running 
resistance, although controversial discussions yield disparities in 
figures, most probably introduced by the unqualified variables of 
waste lubrication. 

The serious trouble experienced today with the A.A.R. type of 
bearing and box is not friction. Failures are traceable to two 
fundamental underlying causes, the entrance of dirt and other 


‘ Vice-President, National Bearing Metals Corporation, in charge 
of operation, engineering, and research. Mem. A.S.M.E. 

* Research Engineer, National Bearing Metals Corporation. 

’ Numbers in parentheses refer to the Bibliography. 

‘The vacuum type (2), the S.B.O.C. (3), and the Magnus tube 
(4) bearings are examples of structural modifications of the A.A.R. 
bearing. The Stapax (1), the Sperry pad (1), the Wicktype (1), the 
Ditmore (1), the Keyoke (1), and the Magnus lubricator (5) are 
examples of recent pad- or wick-lubricator substitutes for waste. 
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foreign matter into the boxes, and the unstable feeding of oil to 
the journal. 

The reliability of performance of an A.A.R. type of bearing and 
box would be greatly enhanced (6, 7, and 8), if modified to afford 
the same lubrication and protection, and given the same care in 
manufacture and application as in the case of roller bearings. 

The substitution of an oil bath for waste packing inherently 
involves the circulation of oil over the bearing, cooling the bearing 
and heating the oil, and resulting in more stable conditions of 
operating temperature that are not seriously affected by ambient- 
temperature variation. An oil for bath lubrication has only two 
essential requisites in regard to temperature variation; it must 
flow at minimum temperature and it must not become too thin 
at maximum temperature. These tangible characteristics 0 an 
oil are much easier to secure and control than the indefinite char- 
acteristics required to provide stable feeding through waste pack- 
ing for the same temperature range, where proper feeding is as 
essential as lubrication itself. 

Obviously for bath lubrication, the journal box must be so ef- 
fectively sealed against loss of oil, that the entrance of dust, grime, 
and water is inherently prevented. 


History AND FUNCTIONAL DESIGN OF THE DEVELOPMENT 


In June, 1935, the research and engineering department of the 
National Bearing Metals Corporation was authorized to develop a 
bath-lubricated journal unit, to which the descriptive trade name 
“Dise-Flo” was later assigned. The important functional design 
features are: 

1 To lubricate the journal bearing with free oil in a circulating 
system, using a rotating disk so shaped as to keep the circulating 
oil in flowing channels without aeration. 

2 To provide self-alignment for the journal bearing to com- 
pensate for all possible misalignment of the journal box in refer- 
ence to the journal. 

3 Toemploy a flat-back bearing for the purpose of eliminating 
bearing tilt due to shock impacts. 

4 To extend the sides of the journal bearing to approximately 
180 deg of journal coverage to prevent excessive side movement of 
the bearing in the box, caused by accelerating and decelerating 
forces of the axle against the box, resulting from power being 
taken from or applied to axles, as well as by forces encountered 
in starting and stopping. 

5 To provide for all lateral thrust of the axle to be applied 
against the fillet end of the journal bearing by the journal fillet, 
except in some locomotive applications, where a separate thrust 
bearing should be provided. 

6 To vent the box to equalize pressures inside and out, and 
prevent moisture accumulation by condensation. 

7 To employ renewable hardened box liners for pedestal-jaw 
fits to minimize wear at these points, and provide for control of 
that wear. 

8 To incorporate in the journal box a combination fitting for 
oil gaging and filling, arranged to permit quick checking of the oil 
level without the use of tools or gages, and the addition of 
make-up oil with unrestricted flow to minimize inspection time. 

Fig. 1 shows a cross section of the “Disc-Flo” unit illustrating 
the incorporation of these functional features and the flow of oil 
in the circulating system. 

The rotating disk elevates the oil to the top of the box, where it 
is diverted by a spoon-shaped member down to a projecting lip 
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of the wedge and to the back of the bearing. The arrangement of 
the back of the bearing is such that the oil is delivered between 
the journal and the bearing on each side of the crown area, so that 
lubrication is supplied ahead of the pressure zone with either 
direction of rotation. Excess oil overflows the wedge and bearing 
and returns to the reservoir, thus acting as a cooling as well as a 
lubricating medium. 

The original disk drive consisted of a dog carried off-center on 
the end of the axle, which engaged the disk in a slot formed by 
two adjacent radially projecting jaws on the disk plate. In 
May, 1936, road-service tests were conducted on a car set of 
journal units so equipped, which proved the fallacy of this de- 
sign. Axial misalignment of disk and axle caused alternate ac- 
celeration and deceleration of the disk speed once every revolu- 
tion, in degree proportionate to the amount of misalignment. 
This misalignment occurred, in the vertical plane due to varia- 
tion of axle diameters, bearing crowns, wedges, and box-roof 
thicknesses, and in the horizontal plane due to variations of axle 
diameter, bearing bore, bearing, and inside box width. 

This dog drive was superseded by a torsion-spring drive con- 
sisting of two nested conical springs of opposite pitch. This 
spring nest was permanently attached to the disk, and the free 
end secured in a driven plate provided with a cross key on its 
face. This driven plate was arranged to engage in a drive plate 
affixed concentrically to the end of the axle, and provided with a 
complementary cross keyway in its exposed face. The driven 
plate is held engaged in the drive plate by compression of the tor- 
sion springs. While later it was necessary to improve the fasten- 
ing of these springs to the disk and driven plate, no functional 
troubles have developed with this drive, which now has been 
tested thoroughly in service. 

The disk was originally mounted on a double-row deep-groove 
ball bearing. It developed, due to rapid ball and race wear, that 
this was not a practical application. The ball bearing was suc- 
cessfully replaced by a bronze bearing with a lining of +/,s-in. tin- 


base babbitt arranged to run on a hardened steel bushing and 
thrust plate ground to provide a close running fit. Lubrication 
for this sleeve bearing was supplied from a cored reservoir in the 
lid casting above the bearing. This reservoir was fed by cen- 
trifugal force through an opening at the top of the inside of the 
lid, with oil from the back of the rotating disk. 

The sealing arrangement at the back of the box has undergone 
several structural changes in its development. Seal tests were 
made under actual service conditions in December, 1937, with 
journals 415/,. in. diam and bearings bored to 5%/i. in. diam. It 
was found that under these conditions, there was practically no 
vertical movement of the axle in reference to the box, but the 
horizontal movement was approximately 1/4 in., */s in. in each 
direction from normal, and that this movement occurred at rela- 
tively high frequency. From this and previous operating ex- 
perience, the following design functions of seals were established: 

1 The seal unit should be forced to follow the axle movement 
closely in every direction except laterally (axially) by a rigid seal 
plate and should be designed to develop a minimum of wear from 
this high-frequency movement. 

2 The seal unit should have a minimum of friction to resist 
its movement in any direction in its plane of action, and yet 
should be restrained positively from rotating with the axle. The 
maximum amount of required movement was established at ’/s 
in. vertically downward for jacking to remove the bearing and 
wedge, '/, in. vertically upward for wear and compensation for 
tolerance of parts involved, and */s in. in each direction sideways 
for the movement of the axle in the box that occurs under operat- 
ing conditions. 

3 The bore of the rigid seal plate should be held close to the 
diameter of the axle dust-guard fit to prevent excessive flexing of 
the elastic sealing member, which would shorten its effective life. 

4 The contact surfaces exposed to the seal-fit portion of the 
rotating axle should be lubricated, and the wheel side of the sea!- 
ing unit be protected from exposure to dust, grime, and water. 
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5 The thickness of the seal unit should be held to a minimum, 
in order to permit as much lateral movement of the axle as pos- 
sible. 

A most serious factor that affects seal operation is the lateral 
movement of the axle, which must be controlled within predeter- 
mined limits to secure successful sealing. The standard gages 
for curved track as adopted in 1922, by the American Railway 
Engineering Association (9) provide for operation of locomotives, 
with the allowance of !/s in., for three pairs of drivers, as total gain 
in lateral play at driving boxes. Using the formulas from which 
these standards were prepared, it is determined that a six-wheel 
car truck with 12-ft wheel base and new 36-in. wheels requires no 
provision for lateral movement of axles, when operating over any 
curve up to 33 deg, even when the track gage is held to 4 ft 9'/, 
in., the recommended maximum for general new work. This 
finding is corroborated by the fact that trucks equipped with 
taper- and barrel-type roller bearings are operating today in regu- 
lar train service without developing excessive thrust loads, 
with only such lateral movement as is afforded by the play of 
journal boxes in pedestals, amounting to '/s; in. when new. 

A study was made of developed axle lateral movement in A.A.R. 
boxes and bearings, based on dimensions of involved parts as 
determined by A.A.R. Standard Specifications and Wear Limits, 
the results of which are shown in the Appendix. Wear conditions 
of any or all thrust component parts can be assumed to any de- 
gree, and by reference to the Appendix, the lateral movement can 
be computed from assumed or actual dimensions in the manner 
prescribed. The Appendix shows nominal, new maximum, new 
minimum, and condemning limits for axle, bearing, wedge, and 
box. With the accumulated maximum allowable wear on all 
parts, the lateral movement of the A.A.R. unit exceeds an inch in 
each direction from norma] position, introducing inevitable 
collar-end wear of bearings, and causing the dust guard to run into 
the wheel in one direction and off the axle dust guard fit in the 
other. Space limitations between the back of the A.A.R. journal 
box and the wheel hub, as dictated by the length of the dust- 
guard fit on the axle, render it desirable that the tolerance of the 
wheel-hub length be controlled so that the dimension from the 
wheel-fit fillet on the axle to the mounted wheel-hub face be held 
toa minimum of !/,in. 

A similar study was made of the “Disc-Flo”’ unit to determine 
design, dimensions, and tolerances, and to establish clearances 
and condemning limits. The results of this study are also shown 
in the Appendix, from which it can be seen that free lateral move- 
ment has been decreased by reducing clearances between the fillet 
end of the bearing and the axle fillet due to dimensional changes 
in the lugging of the journal bearing. The self-aligning convex- 
boss fit in the concave box-roof recess eliminates lateral movement 
of the wedge in the “‘Dise-Flo”’ box. These changes from A.A.R. 
standards reduce free lateral movement over 50 per cent, and by 
increased clearance between the bearing side lugs and journal-box 
stop columns, thrust loads are carried only on the fillet ends of the 
bearing, without shortening the over-all length of the bearing. 

With reduced lateral movement symmetrical wheel location be- 
comes more necessary, to balance thrust loads in each direction. 
Measurements could be taken most accurately from the end of the 
axle to secure and control symmetrical wheel location, but with 
present axle-finishing practices, while the actual length may not 
be less than nominal, it can exceed it by !/sin. This extra length 
goes into increased collar thickness, and is not necessarily equally 
divided between the two collars. Therefore, even on new axles, 
journals and wheels are not necessarily symmetrical and the end 
of the axle has no accurate dimensional relation to the gage point 
on the wheel flange. To correct this condition axles should be 
finished to nominal over-all length with a tolerance not exceeding 
the limits required by the condition of machine-tool equipment. 
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Fig. 2 


LOADOMETER 


To simplify the study of the lateral movement of the “‘Disc-Flo”’ 
unit, all dimensions were considered as relative to the end of a 
nominal-length axle. To check the symmetry of journals with 
mounted wheels on long axles, a simple gage was developed as 
illustrated in Fig. 12. 

Similarly, as in the case of the A.A.R. standard unit, the space 
limitations between the back of the “Disc-Flo” journal box 
and wheel hub prorapt the recommendation that the tolerance of 
the wheel-hub length be so controlled that the dimension from the 
wheel-fit fillet on the axle to the mounted wheel-hub face be a 
minimum of !/,in. 


DESCRIPTION OF LABORATORY EQUIPMENT 


Preliminary structural design, proper selection of materials, 
and operating characteristics of the ““Disc-Flo”’ journal unit were 
determined with the aid of special laboratory equipment, consist- 
ing of a journal-bearing loadometer and dynamometer, so termed 
for lack of better identification. Comparative tests were made 
on A.A.R. units for the purpose of orientation. 

The loadometer, shown in Fig. 2, consists of an axle with stand- 
ard 5 X 9-in. journals, on which 30-in. wheels and a geared railway 
motor are mounted in the conventional manner. The equipped 
axle is arranged to run on trunnions mounted on a common base 
with a fabricated-steel superstructure. The vertical members 
of this superstructure form the side bearings for the journal 
boxes. Load is applied by a jack, having a hydraulic chamber in 
its base in which pressure varies directly with jack load. This 
pressure is indicated on a gage calibrated to read the total load 
applied by the jack. The jack is installed in an inverted position 
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in the middle of the top of the superstructure and applies load to 
the center of a counterbalanced floating beam. This beam trans- 
mits the load through springs at its ends to two journal boxes, ap- 
plied in the conventional manner, one on each axle journal. 

The loadometer has an axle-speed range of from 0 to 560 rpm, 
and a load range of from 0 to 50,000 lb, both adjustable in small 
increments. Instrumentation consists of an ammeter and volt- 
meter for determining the power input, a magneto-type tachometer 
to indicate speed, a battery of four fluid-pressure recording ther- 
mometers, and a battery of three double-unit recording potenti- 
ometers with iron-constantan thermocouples for a temperature 
range of from — 50 to + 400 F. 
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Due to its closer simulation of operating conditions, the load- 
ometer was used for all tests for temperature and the determina- 
tion of physical characteristics, except friction tests and those re- 
quiring speeds in excess of 560 rpm. 

The dynamometer is shown in Figs. 3 and 4. A shaft with a 
5 X 9-in. journal on its free end is driven by a direct-connected 
cradle-mounted motor. Standard journal bearings and boxes 
can be applied to this journal, which for friction tests are equipped 
with setscrews or similar locking devices to adjust and hold the 
bearing in the exact line of the applied load. The journal box is 
fitted with a pedestal yoke, with pins in the jaws of the yoke lo- 
cated equidistant from and level with the center of the axle. The 
four knife-edge-shaped ends of these two pins project through the 
yoke. The hardened knife-edges seat in hardened V-blocks of 
four vertical compression links, two on each side of the yoke. 
These links take the applied load from a symmetrical pivoted lever, 
whichsimilarly to the yoke is provided with knife-edges equidistant 
from and level with the axis of a pivot bearing, in the center of the 
pivoted lever. 

Load applied on the pivot bearing is transmitted through the 
parallelogram linkage thus formed, making it possible for the 
bearing and box to rotate unrestrained by the load on the pivot 
bearing. 

Load is applied to the pivot bearing by a pressure-indicator 
jack of 25,000 lb capacity through a jack bolster carrying the 
pivot-bearing pin in its center. The jack bolster is guided be- 
tween two vertical members of a superstructure by ball-bearing 
rollers, laterally adjustable by differential screws. A beam across 
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the top of the superstructure provides a seat for a spring nest 
against which the head of the jack is applied. 

Torque exerted on the journal bearing due to the rotation of the 
journal is measured on a scale connected to the jack bolster 
through a linkage of levers having a changeable ratio. 

The axle is supported in roller bearings mounted in water- 
cooled pillow blocks. 

The cradled motor is restrained from rotation in either direc- 
tion by a beam scale on which input torques can be measured. 
The 600-v, d-c, shunt-wound motor, rated at 75 hp at 840 rpm has 
a speed range of from 24 to 2400 rpm, which is obtained by rheo- 
static and field control. Low-speed operation is stabilized by 
substituting a battery circuit for the normal power circuit as a 
source of armature current. 

Instrumentation for this unit consists of-ammeter, voltmeter, 
and integrating watthour meter for power-input determination, 
magneto-type tachometer, 200-lb beam scale on motor, and a 30- 
Ib Toledo springless scale for bearing torque. Temperature 
equipment mentioned in the description of the loadometer is also 
used for dynamometer tests. 

Test journal boxes of both A.A.R. and “‘Disc-Flo”’ types have 
been equipped with jacket housings through which calcium brine 
can be circulated over all exterior box surfaces. Both loadometer 
and dynamometer have convenient pipe connections to a pump- 
actuated circulating system, which includes a 200-gal tank re- 
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frigerated by a 7-ton ammonia compressor. Circulating brine can 
be maintained at —40 F, which will reduce either oil or packing 
temperature to —30 F in 4hr and hold the lubricating medium at 
—29 F continuously under full-load maximum-speed conditions. 


PHYSICAL AND OPERATING CHARACTER'STICS 


Materials best suited for the various parts of the unit were de- 
termined by laboratory test supplemented by operating studies. 

A relatively lightweight design was secured by the substitution 
of aluminum for the conventional steel castings for all parts not 
subjected to load or wear, such as the lid, seal housing, and seal- 
leather flange ring, effecting a weight saving of 35 lb per journal 
unit. The total weight of a complete ‘Disc-Flo” 5 X 9-in. unit, 
including the drive plate affixed to the axle, is 182 lb, as compared 
with 133 lb for a5 X 9-in. A.A.R. pedestal-type journal box, lid, 
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Fic. 5 CHARACTERISTICS OF A.A.R. 5 X 9-IN. 
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wedge, and bearing. The substitution of aluminum incidentally 
provides increased cooling due to its higher heat conductivity. 

High-lead bronze’ is used for the journal bearing to secure good 
heat conductivity, a simple and effective lining bond, and a sec- 
ondary journal contact metal of suitable qualifications. 

A lead-base-babbitt® lining of +/s in. thickness, bonded to the 
longitudinally corrugated and tinned bore of the bronze bearing 
was found best suited for this unit. While it was desirable to 
hold the lining to a minimum thickness to reduce the tendency to 
flow, the minimum thickness of lining was limited (even for this 
unit, designed primarily for passenger service where axle condi- 
tions are at their best) by the initial deformation of the bore when 
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seating on axles with diameters reduced to the condemning limits 
in use. This condition introduces a breaking-in period which in- 
fluences the selection of lining-metal alloy as well as the thickness. 

The duration and the maximum temperature of this period in- 
creases with the hardness of the lining metal and the difference be- 
tween the bearing bore and the axle diameter. Maximum safe 
bearing temperatures are limited to about 300 F by maximum 
safe operating temperatures of oil. The temperature performance 
of the selected lining metal during the break-in period for allowed 
variations between bearing bore and axle diameter, is shown in 
Fig. 5. When the illustrated time-temperature curves level off, 
the initial rapid seating of the lining to the journal ceases, and 
simultaneously film pressures become stable at between 5000 and 
6000 lb per sq in. During the high-temperature portion of the 


5 Lead, 15 to 22 per cent; tin, 5 to 7 per cent; balance copper. 
¢ Tin, 3 to 5 per cent; antimony, 8 to 11 per cent; balance lead. 
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period, film pressure is erratic, indicating imperfect establish- 
ment of the fluid film. 

Early laboratory experiments on A.A.R. units for the deter- 
mination of “‘Disc-Flo” design yielded a fund of data from which 
A.A.R. temperature performance was well established. Later, 
when “‘Disc-Flo” test units were available, loadometer tests were 
made with the “Disc-Flo” unit on one end and an A.A.R. on the 
other, providing identical load, speed, and ambient-temperature 
conditions, which gave comparative results that checked very 
closely with original A.A.R. performance. The speed-temperature 
characteristics of A.A.R.and “Dise-Flo” units are shown in Fig. 6. 
The maximum speed of the loadometer axle, 560 rpm, limited 
temperature determination to 60 mph, based on a 36-in. wheel 
diameter. Equilibrium temperatures were taken at a given speed 
after a run of sufficient duration that bearing temperature no 
longer increased. Loads were held constant at 15,500 lb per 
journal. Standard saturated waste was secured from a near-by 
railroad storeroom for the A.A.R. unit and same standard car 
oil was used in the “Disc-Flo’’ unit for this and all other tests 
described. 

Comparative cold tests were similarly conducted except that 
speed was held constant at 42 mph and boxes were refrigerated 
with —35 F calcium brine. Cold-test temperature is plotted 
against time in Fig. 7, as it was found if lubrication failed in cold 
test, the failure occurred in the first hour of operation irrespective 
of speed. The “Disc-Flo” unit shows a temperature rise from 
70 F, of 20 per cent less than the A.A.R. unit, and over 50 per cent 
less rise at a box temperature of —35 F. In the cold test, the in- 
crease in “‘Disc-Flo” oil temperature due to circulation over the 
warm bearing, both improves and stabilizes lubricating con- 
ditions. 

Fig. 8 shows the frictional characteristics of the ‘Disc-Flo” 
unit as determined from consistent results of repeated dyna- 
mometer tests. Journal-bearing, seal, and disk friction were de- 
termined separately, by running tests with each friction compo- 
nent member alone, the other two being removed. When the 
disk was removed, oil was circulated by a separate motor-driven 
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pump. The friction for each of the three elements was computed 
on the basis of tractive effort in pounds per ton with 36-in. wheels 
at from 10 to 128 mph. The results of those tests made with 
15,500 Ib on the journal were plotted so their proportionate values 
could be graphically compared. 

Previous investigators of resistance in A.A.R. units (1) have 
established friction characteristics which check closely with both 
the trend and value of the curves illustrated in Fig. 9 which shows 
a comparison of the friction in “Dise-Flo” and A.A.R. journal 
bearings. It may be properly said that in a true comparison of 
friction, seal and disk friction should be included in addition to 
the journal friction of ‘‘Disc-Flo,” however, if the A.A.R. box 
were fitted with a tight wiping seal, its total friction would be in- 
creased by the increment of seal friction. For that reason two 
friction curves, one with, and one without the disk have been 
shown for ‘“Disc-Flo” in comparison with the A.A.R. friction 
curve, excluding “Disc-Flo” seal friction. As all component fric- 
tional characteristics are shown in Fig. 8, any comparison can be 


made as desired. 


CONCLUSIONS 


Oil-bath lubrication provides a means of improving the perform- 
ance of the babbitt-lined bronze railway journal bearing, an im- 
provement urgently needed to meet the more severe conditions 
imposed by higher speeds and increased continuity of operation. 
In the design of a new journal unit embodying this system of 
lubrication, advantage was taken of the opportunity to incorpo- 
rate the structural modifications indicated as desirable by sixty 
years of experience with the A.A.R. bearing and box. 

The advantages of the oil-bath-lubricated journal unit, as in- 
dicated by laboratory test are as follows: 

1 Improved reliability of operation is secured by stability 
of the lubricating system under all weather conditions. 

2 Speeds can be safely increased due to the low-temperature 
high-speed characteristic. 

3 Power input is reduced by lower journal friction. 

4 The life of the box, bearing, and axle will be prolonged by 
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Fig. 12 Gace FoR AXLE AND WHEEL-MouNnTING SYMMETRY 
the self-alignment, the increased thrust capacity, and the nontilt- 
ing features of the modified journal bearing. 
5 Maintenance costs will be decreased by the simplified lubri- 
PEDESTAL 
cation inspection. (PROJECTED view) 
Appendix 
x > 
Srupy oF Larerat Controu in JounNAL Units = WHEEL 
Figs. 10 and 11, and Tables 1 and 2 show nominal dimensions, oon | WEDGE HUB 
tolerances, condemning limits, and resultant lateral movements P-> H - BEARING 
of A.A.R. and “Dise-Flo” units, respectively. Fig. 12 illustrates ) ! | 
the gage for determining the amount a wheel-and-axle assembly 
is out of symmetry. The derivation of formulas by which the a a ek ees J 
amount of axle lateral movement was determined is as follows: let U -plie- ] oem 
Referring to Fig. 13, assuming an axle in its normal central po- H 
sition relative to truck parts, and with boxes, bearings, and | 
wedges in their central positions, the axle lateral movement as JOURNAL 
limited by the journal fillet against the bearing in one direction | 
is expressed as Lf and is the sum of the clearances m, n, p, and q. 
Similarly, the axle lateral movement as limited by the axle collar s | = 
against the end of the bearing is expressed as Lc, and is the sum of ‘ 
the clearances t, u, and z. However, clearances m, n, p, q, t, U, } 
and z, are immeasurable in actual practice, but are, in degree, 
functions of free clearances as intended by design, design toler- 
TABLE 1 DIMENSIONS FOR FIG. 10 Fie. 13 A.A.R. Unrr Wira Att Parts 1n CENTRAL PosiTIon 
(A.A.R. unit, dimensions in inches) 
Sine 5X9 6X11 Tolerance ances, and additional uncontrolled clearances introduced by wear. 
—!/; The axle fillet thrust is taken on the inside faces of the pedestal 
B /s jaws, and is transmitted through the bearing, wedge, and box. 
mn The axle collar thrust is applied against the outside faces of the 
F 2 2 3/, 2 25/1 +1/s pedestal jaws, and is transmitted through the bearing and box 
R 9 1/4 93/6 1104/6 +'/s 
Kf 9 1/4 9 10 only. 
Ke 1 3/4 2 3/5 With the axle forced to its maximum lateral position as limited 
Lateral movement by the fillet end of the bearing, the clearances m, n, p, and q are 
individually reduced to zero and accumulate to constitute the 
Lf 3/5 17/s9 9/39 13/5 axle lateral movement in amount equal to the sum of those clear- 
ances, which, as previously stated, is L/. 
TABLE 2 DIMENSIONS FOR FIG. 11 By referring to Fig. 14 it is obvious that 
(“Dise-Flo” unit, dimensions in inches) Cond 
mnin — = 
5X9 X10 6X11 6!/2 X 12 Tolerance imit x 8 W +R Kf Lf. (1) 
7 7 218 1 an — 
4 Conversely, with the axle forced to its maximum lateral posi- 
93/5 tion as limited by the axle collar against the end of the bearing, 
the clearances t, u, and z are individually reduced to zero and ac- 
’ y 
Lateral movement cumulate to constitute the axle lateral movement, Lc. 
By referring to Fig. 15 it is likewise obvious that 
*/16 17/64 9/6 5/s 
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Fig. 14. A.A.R. Unit, AXLE 1n Maxrmum LaTerRAt PosrPion 
THE LEFT 


from which, 
Ie = F + Ko—B—C............... [4] 


In these formulas, B, C, F, R, S, W, and X are measurable dimen- 
sions, and Kf and Ke are constants derived from truck and axle 
dimensions which vary for the various axle sizes and affected truck 
dimensions, and are derived as follows: 


Kf = [(Nominal length of axle) — 
(Distance between inside faces of pedestal jaws) ]/2. . [5] 


Ke = [(Nominal length of axle) — 
(Distance between outside faces of pedestal jaws) ]/2. . [6] 


In the case of the “‘Disc-Flo”’ unit, Kf is increased by '/; in., 
to allow for the established clearance between the end of the 
wedge and the wedge-stop lug in the box, due to the lateral posi- 
tion of the wedge being maintained by the fit of the convex wedge 
boss in the concave box ceiling. 

In considering total axle lateral movement, both boxes with 
their respective parts and both ends of the axle are involved. 
To identify the component dimensions of each journal assembly 
on a given axle, the subscript L or R is added to all symbols to in- 
dicate left or right end. The maximum axle lateral movement to 
the left or central position is limited to either Lf, or Leg, which- 
ever is the least, and in like manner the movement to the right, 
to Lfp or Le,. The sum of the right and left movements is ob- 
viously the total axle lateral movement. 

The foregoing determinations are based on nominal-length 
axles, with wheel mounting symmetrical to the ends of the axle. 
Where such symmetrical condition does not obtain let V repre- 
sent the distance between wheel-gage center and a point midway 
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between the ends of the axle. Where the mid-point of the axle is 
to the right of the wheel-gage center, V decreases the value of Lf, 
and increases the value of Lc,, and conversely where the mid- 
point of the axle is to the left of wheel-gage center, V decreases 
the value of Leg and increases Lf,. Hence to incorporate the 
function V, formulas [2] and [4] may be written 
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Discussion 


Analysis and Tests on Hydraulic 
Circuits of Surface Condensers’ 


H. L. Guy? anp E. V. Winstaniey.* The loss in inlet and 
outlet channels of 1 ft, as reported by the author on page 151 of 
the published paper, appears to the writers to be very low. With 
estuary water, silting or mussel growth will continue until the 
water velocity is increased by reduction of area to what is re- 
quired to limit the deposit of silt or accretion of mussels. In the 
design of pumps, the writers always allow for losses from the 
foregoing sources and usually estimate them to be from 3 to 
5 ft. 


CoNDENSER-TUBE FRICTION 


The information presented by the author for tube friction is 
the same as was previously employed by the writers.‘ However, 
the information was converted to a form thought to be more 
readily understood by the nontechnical man. 

The information in English units will be of service to engineers 
' engaged on hydraulic problems and encourages them to use the 
best technique. 

On the subject of water-box losses, the paper! is appreciated 
as the only published information on a series of experiments on 
a full-scale plant and brings out the utility of such investigations. 
In our practice we usually have much deeper boxes than that of 
the No. 13 main condenser at the Delray Station with a conse- 
quent reduction in the hydraulic loss. The writers presume that 
the internal weir was fitted for the purpose of insuring that the 
condenser would be full of water at low-water quantities. Its 
removal, although giving a saving in pumping power, now pro- 
hibits the reduction in water quantity to low values unless air is 
removed continuously from the top of the outlet water box. This 
latter service demands power and would have to be debited 
against the saving in power of pumping. 

On the question of self-priming of the hydraulic circuit, it is 
usual in the writers’ practice to allow for at least 30 per cent of 
full water quantity to be discharged over the highest point of the 
system as our experience shows that at least this amount is re- 
quired to start the siphon. 

The writers appreciate that the problem of air in the circuit 


' Published as paper FSP-59-3, by G. H. Van Hengel, in the April, 
1937, issue of the A.S.M.E. Transactions, p. 151. 

* Chief Engineer, Mechanical Department, Metropolitan-Vickers 
Electrical Company, Ltd., Manchester, England. Mem. A.S.M.E. 

* Condenser Engineer, Metropolitan-Vickers Electrical Company, 
Ltd., Manchester, England. 

‘*Some Factors in the Design of Surface Condensing Plants,”’ by 
H. L. Guy and E. V. Winstanley, Proceedings of The Institution of 
Mechanical Engineers, vol. 126, February, 1934, Fig. 12, p. 265. 


TABLE 1 
2 Calculated culvert friction, ft...........-.+++-+: 3 
3 Assum change in density, per cent............. 0.9+0.2 1.65 + 0.22 
4 Absolute pressure at top of siphon, ft of water: 


000 33.000 


has been dealt with more thoroughly than that attempted in their 
paper.‘ 

Repeating the calculation given in Table 7 of that paper,‘ using 
the useful curves in Fig. 8 of the author’s paper,' gives the results 
in Table 1 of this discussion. This shows a loss of siphonic re- 
turn roughly one half that given by the writers. 

The paper! confirms the writers’ opinion that siphonic return 
losses are very small in a properly designed circuit. We would 
point out that all calculations of this type assume conditions of 
equilibrium to exist, but it is doubtful whether this obtains in 
actual practice. It is for this reason that the writers would not 
care to increase vent lines to suit the type of analysis given by 
the author under the heading ‘Venting of Condensers.” 

The writers do not believe that the air has time to collect out 
of the water, the vents merely serving to insure a primed cham- 
ber. 


HerBert The author’s exhaustive investigations deal 
exclusively with single-pass condensers which are found pre- 
dominantly in America because of the water conditions existing 
there. In Germany, on the contrary, because of the limited wa- 
ter quantities available, condensers of two passes or more are 
built almost exclusively in which the hydraulic conditions at the 
water exit are different from those of single-pass condensers. 
When there are many passes, complete filling is always assured 
because the water is necessarily conducted to the highest point 
of the top water box. If the water velocity is high enough, 
separation of the entrained air with the consequent formation of 
dead-air pockets is not to be feared. These comments apply 
also to the few single-pass condensers that are constructed mostly 
for foreign plants, because the water exit is placed also in these 
at the upper part of the box. With this construction, the exit 
losses are smaller than those of a weir and probably could not 
be reduced very much even by a construction using throttle 
valves. 

In spite of these differences in German and American condi- 
tions, the paper and the valuable experiences reported in it per- 
mit comparison in many ways with German plants. For all 
types of condensers it is well worth while to pay special attention 
to the author’s analysis from the hydraulic point of view, which 
emphasizes the extraordinarily inefficient path of the cooling 
water and its continually repeated retardations and accelerations. 

As a rule, the intake and overflow systems of German power 
plants are laid out so that the cooling-water velocity correspond- 
ing to the maximum flow shall not exceed 3.3 fps. In the over- 
flow canals, however, velocities up to 6.6 fps are used under 
special circumstances. With a velocity of 3.3 fps the loss of total 
head is approximately 0.15 ft of water for a 100-ft length. Added 
to this are the losses of the 
trash racks and screens, which 
altogether amount to about 0.66 
to 1.0 ft of water at the most. 
Consequently, the requirements 
specified by the author have 


36.000 
3.830 3.830 
2.5 +40.23 3.5 + 0.25 


(34 + (Item 2)}— [ (tem 1) 16.070 9.360 5.730 3.180 
‘ 4 eee: 100 already been achieved by our 
Absolute pressure at top of siphon, in. Hg: 
4. 8.250 5.050 2.300 _—~Pilants. 
7 Change in density from Fig. 8,' per cent.......... 0.9+0.2 1.65+0.22 2.54023 3.5 +0.25 In many of the German plants 
the cooling-water demand is a 
a x (Hem 6/100) 0.242 0.542 0.900 1.370 g 
dul a. 0.380 0.960 1.770 2.840 5 Berlin, Germany. 
507 


3 
; 


508 TRANSACTIONS OF THE A.S.M.E. 


very great proportion of the total flow of the river. This often 
dictates that the overflow canals be located as far as possible from 
the intake canals in order to avoid the backflow of warm water, 
or at least to reduce it as much as possible. Conditions can be 
extraordinarily unfavorable in the summer, because the rivers 
usually carry little water during that season. In this connection 
the model experiments are of interest which have been carried 
out for the project of the construction of the intake and overflow 
systems of the Klingenberg Power Station.’ 

The author’s thorough investigation of the individual] head 
losses of the cooling-water circuit, in connection with air separa- 
tion, is especially noteworthy and to the writer’s knowledge has 
never before been carried out to such an extent. Although the 
evaluation of the tests and their analyses are of value for this 
particular installation, they might also well furnish very useful 
data for the calculation and design of new condenser installations. 


TABLE 2 LOSS OF TOTAL HEAD OF A TWO-PASS SURFACE 
CONDENSER 


Con- Re- 
Pump Pump denser turn Outlet Tail-pipe 
suction discharge inlet box box top 


Static pressure 48.18 39.50 9.970 19.980 


Starting pressure plus 
elevation referred to 
Velocity head : 0.82 0.95 
Total head 53.03 43.17 
Losses of total head: 
1 Pump discharge—condenser inlet 
2 Condenser inlet—outlet 
3 Outlet box—overfiow canal 


Notes: Surface = 35,520 sq ft; outside diameter of tubes = 0.906 in.; 
inside diameter of tubes = 0.827 in.; tube length = 24.51 ft. Circulating- 
water flow = 33,250 gpm. Values in table are in feet of water absolute at 
32 F, based on 14.22 lb per sq in. atmospherie pressure. 


In Table 2 of this discussion the writer presents for com- 
parison the results of corresponding measurements for a large 
two-pass condenser. According to those results, the useful head 
amounts to 15.57 ft of water, or the hydraulic efficiency is 
(15.57/27.76)100 = 56.1 per cent. In the first pass, the tube- 
friction loss alone amounts to 6.04 ft of water, after subtraction of 
the tube entrance and exit losses. This results in a value of 
0.0255 for the friction coefficient, at a Reynolds number of 41,370. 
The tube-entrance and tube-exit losses were determined sepa- 
rately for this case and especially for these particular conditions. 
It is found, nevertheless, that the approximate formula which the 
author employed in his investigation, namely, h = c(v?/2g) can 
be applied with sufficient accuracy. The values of c can likewise 
be substantiated. For the tubes of the top (second) pass, a 
resistance of 7.84 ft of water was found. This value appears too 
high by a considerable amount, which might be due to the un- 
favorable location of the pressure connection on the outlet side 
of the tubes, because at this location great losses through con- 
traction oceur which could not be determined more accurately. 
In this connection it should be mentioned that contrary to the 
author’s assumption, the curves of kinematic viscosity of water 
are known in German literature. 

With two-pass condensers, the pure friction loss as a rule 
amounts to between 9.8 and 13.1 ft of water, and with a water 
velocity of 8.2 fps is as high as 18.0 to 19.6 ft of water. It is 
well known that this resistance depends upon the influence of 
wall roughness and dirtiness, but is otherwise only a function of 
the velocity. On the other hand, since the condenser-plant in- 
vestment, the efficiency and the dirtiness during a certain operat- 


® For a particular case in which the conditions of backflow and 
corresponding temperature increases, see ‘‘Betriebseignung von 
Kondensationsanlagen,”’ by H. Paul, Archiv fiir Warmewirtschaft und 
Dampfkesselwesen, vol. 17, August, 1936, p. 214, Fig. 9. 

7 “‘Modellversuche an Kihlwasserkaniilen fiir Kraftwerke,” Zeit- 
schrift des V ereines deutscher Ingenieure, vol. 71, August, 1927, p. 1195. 
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ing period are likewise dependent upon the magnitude of the 
water velocity, the layout can be correctly determined only by 
an exact economic calculation. German designs as a rule specify 
for two-pass condensers a velocity of 3.3 to 6.6 fps in the lower 
pass and 8.2 to 9.8 fps in the upper pass, because these tubes are 
more liable to become dirty due to the higher water temperature. 

The small auxiliary power requirement of single-pass con- 
densers, which the author has attained through the removal of 
the weirs is noteworthy. Perhaps the low power requirement of 
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(Curve A: Auxiliary-power requirement of the condensing plant in per 

cent of main-generator load. Curve B: pk (condenser pressure) at constant 

K/D = 75; K/D is ratio of cooling-water flow to steam condensed. Curve 

C: pk (condenser pressure) at variable K/D with regulation of cooling- 
water flow.] 


this condenser layout might be attributed principally to the 
high economy of the drive with speed regulation. For compari- 
son, Fig. 1 of this discussion shows for a large two-pass-condenser 
plant the magnitude of the condenser auxiliary-power require- 
ment as percentage of main-generator output in dependence on 
the circulating-water inlet temperature. The adjustment of the 
quantity of circulating water to the load which occurs and the 
most favorable operating conditions can in this case be achieved 
only by increasing or decreasing the number of pumps. These 
considerations lead inevitably to the conclusion that speed 
regulation of the pump drive is of great importance, especially 
for base-load stations. 


AvuTHOR’s CLOSURE 


Messrs. Guy and Winstanley remark that 1 ft for the canal 
losses is too low for estuary water. The author fully agrees with 
their remark, and it should be mentioned here that the 1-ft loss 
was intended only for river water. Only once has the author 
observed as much as a 3-ft drop through the screens in any of the 
power-station units at Detroit. This condition was temporary, 
since it occurred during construction before all screens were in- 
stalled, and in the autumn when leaves were blocking the screens. 
From an economic point of view, the high limit of a 5-ft canal 
level difference, as Messrs. Guy and Winstanley assume, ca? 
hardly be justified for river conditions. 

The removal of the weir did not in any way interfere with the 
performance with two pumps running nor even with only one 
pump running. A test of 1.5 hr duration showed no decline of 
the water level in the overflow box when running with one pump 
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at the lowest speed of 175 rpm. However, to check upon the im- 
munity of the siphon from an air leak at its top, a test was run 
with a '/:-in. hole open to the atmosphere above the top of the 
weir in the overflow box, and no decrease in level was observed. 
A continuous air-removal apparatus was therefore not necessary. 

The author fully agrees that requiring 30 per cent of full flow 
to be discharged over the highest point of the circuit is good prac- 
tice to promote priming. In the case of an outlet box without a 
weir and with variable-speed pumps, the speed of the pump dur- 
ing the starting-up period should be high to promote the priming 
of the condenser from atmospheric pressure within 5 min. Once 
priming has been accomplished, the pump speed can be lowered 
and set at its regular operating point. 

Fig. 8 in the paper! gives the maximum siphon loss when all 
air is liberated. The author agrees with the remark that the 
calculations assume conditions of equilibrium to exist and that 
those conditions do not fully exist in operation when water is 
flowing. However, if this time element is brought in, the problem 
becomes so complex that it will be virtually impossible to solve 
it. If all the air were not liberated, the siphon losses would be 
of even less consequence. 

The author’s experiences have definitely shown that a vent 
line transports liberated air. Some tests on a generator air cooler 
supplied with the circulating water through a side branch of the 
hydraulic circuit of the main condenser showed that liberated air 
must be passing through the air-cooler vent line. In this case, 
improvement on the vent line of the air-cooler hydraulic circuit 
effected a solution to previous poor operation, which indicated 
that the capacity of the original vent line was not large enough. 
With condensers, this is harder to prove, but we have indications 
that improvement in performance has taken place after enlarging 
the vent line. The task of any tube located in a siphon, as in 
a condenser, is already a hard one, since both the heating of the 
water and the pressure drop through the tube will act to liberate 
air. The top tubes, which otherwise could have a higher heat 
loading than the lower tubes, are all the more handicapped in 
transferring heat the more air we fail to remove from the water 
before the entrance to the tube. 

In case a wide inlet box is present and vertical water velocities 
of 0.7 tps exist, the air will be liberated even more freely through 
the water. Consequently in this case, with full collection of air 
at the top of the water box, a larger vent would be even more use- 
ful than on a condenser with a narrower inlet box. If the vent 
merely were to insure priming and transports no air, it could just 
as well be closed after the condenser is once primed, for we would 
then have a regular inverted U-tube, which once primed stays 
primed. But surely the writers would agree with the author in 
objecting to closing the vent line in a condenser. 

In reference to Mr. Paul’s discussion, the author had the op- 
portunity of testing a conventional two-pass condenser with a 
single pump, and found that the efficiency of the hydraulic circuit 
was (7.58/14.13)100 = 53.6 per cent. (The figure of 7.58 ft 
includes the return-box losses and the figure 14.13 ft is the circu- 
lator total head minus the canal losses, which were less than 0.1 
ft in most cases.) This agrees remarkably well with Mr. Paul’s 
condenser, It seems, therefore, that the average hydraulic-cir- 
cuit efficiency of the usual two-pass condenser lies around 55 per 
cent, and will be higher generally than that of a single-pass 
condenser. This is logical in view of the fact that the losses out- 
side of the tubes are practically the same for two-pass and single- 
pass condensers, yet the friction losses through the condenser 
tubes of a two-pass condenser are twice as large as those of a 
single-pass condenser, assuming that the length of tube per pass 
and the water velocity are the same for both. Therefore the 
multipass condenser is superior to the single-pass condenser in 
respect to the hydraulic-circuit efficiency. 
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After writing the paper, the author had an opportunity to test 
a hydraulic circuit of another two-pass condenser which had been 
rebuilt with omission of many of the pitfalls of the older-type con- 
densers. In rebuilding the condenser, one of its two circulators 
was replaced by a circulator of larger size. The results have 
shown astonishingly low piping losses, and the hydraulic-circuit 
efficiency as measured is from 70 to 75 per cent after subtraction 
of canal losses from the pump head, but including the return-box 
losses with the tube-friction losses. 
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CoMPARISON OF CIRCULATING POWER FOR A Two-Pass AND 
A SINGLE-Pass CONDENSER 


{Curves a and 6 are for a two-pass condenser with nonvariable-speed circu- 

lators in a German power station. Curve a, taken from Fig. 1 of this discus- 

sion, includes hydraulic-vacuum-pump power, condensate-pump power, and 

is for a nonbleeding turbine. Curve 6, taken at 80 per cent of the power re- 

quired for the conditions of curve a, represents circulator auxiliary power 
only and bleeding condition. 

Curves c, d, e, f, and g are for the No. 13 turbogenerator single-pass condenser 
with variable-speed circulators at the Delray Station, Detroit, Mich. 
Curves ¢ and e are for 50,000 kw or 100 per cent of the rated load on the 
turbogenerator. Curves d, f, and g are for 20,000 kw or 40 per cent of rated 
load on the turbogenerator. Single lines represent one-circulator operation; 
ouble lines represent two-circulator operation. 

Curves c and d are for the two variable-speed circulators under most eco- 
nomical running condition. 

Curves e, f, and g are for two nonvariable-speed circulators under most eco- 
nomical running condition. Curve e is for a load of 50,000 kw with one or 
two circulators running; curve f is for a load of 20,000 kw with only one 
circulator running; and curve g is for a load of 20,000 kw if two circulators 
had to be run at all times (or if a single nonvariable-speed circulator were 
installed which would have to meet the high load condition. Maximum 
auxiliary power for two circulators is 450 kw, while that for one circulator 
is 250 kw.] 


Fig. 2 


Mr. Paul finds the resistance for his two-pass condenser from 
the top of the outlet box to a point somewhere in the overflow to 
be 2.33 ft with 33,250-gpm capacity and believes, as stated in the 
last sentence of the first paragraph of his discussion, that this 
probably could not be reduced very much. The author, however, 
still believes that probably 25 to 50 per cent of this loss can be 
saved by a better design, as an 8-fps velocity in the overflow 
pipe would account for only a 1-ft exit loss. 

Mr. Paul experienced the same difficulty in measuring the out- 
let-box total head as the author originally did. This can be over- 
come by measuring the level and static pressure in the outlet box 
directly at the tube sheet. 

In addition to what has been said in the paper about the hy- 
draulic-circuit efficiency, the following remarks can be made. Due 
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to the cumbersomeness of measuring the different losses in a 
hydraulic circuit, which necessitates a refined measuring tech- 
nique, the easiest way to establish the exact hydraulic-circuit 
efficiency is to calculate theoretically the condenser-tube-friction 
losses plus the tube-inlet and tube-exit losses and divide this by 
the measured total head on the pumps minus the canal-level 
difference. (Efficiencies thus arrived at are somewhat lower for 
the multipass than the hydraulic-circuit figures given previously, 
because the return-box losses are not included by this method.) 
In comparing different condensers, we have to keep in mind that 
the L/D ratio (where L = length of tube and D = inside di- 
ameter) plays a very important part in establishing the friction 
loss of the tube and thus the hydraulic-circuit efficiency. The 
Jarger we make the hydraulic flow area of the piping outside of 
the tubes in comparison to its hydraulic-flow area through the 
tubes, the higher will be the hydraulic-circuit efficiency. When 
the design of a hydraulic circuit has finally attained 75 per cent 
efficiency, then the economic aspect of the layout for each case 
has to be considered to decide on how far to go with the ratio of 
the hydraulic area through the condenser piping to that through 
the tubes. 

As to the kinematic-viscosity curve, the author desired only to 
bring out the originality of this curve in the English engineering 
units of square feet per second and its three-figure accuracy, and 
did not intend to deny that such curves have already been pub- 
lished in the metric engineering units. 

The last paragraph of Mr. Paul’s discussion treats the economic 
side of the auxiliary power. 

To make a comparison possible, the author has recalculated 
for condenser No. 13 at the Delray Station, the auxiliary power 
with only 1 ft level difference in overflow and intake canal in- 
stead of 3 ft to 4 ft level difference which occurred because of the 
weir in the overflow canal. Furthermore, the most economical 
point of setting the circulators which results in the lowest turbine 
heat input per net kilowatt generator output has been calculated 
and drawn in Fig. 2 of this discussion. To make the comparison 
fair, the author has reduced Mr. Paul’s auxiliary-power curve to 
80 per cent of his auxiliary power. This is done for two reasons: 
First, condenser No. 13 at the Delray Station has a heat loading 
(that is, Btu per square foot) of 15 per cent less than the German 
condenser, which could be due to the fact that the Delray turbine 
is bleeding while the German turbine is nonbleeding; second, 
Mr. Paul includes his condensate pump (or lift pump) and 
hydraulic vacuum pump power in his auxiliary power. A straight 
5 per cent auxiliary-power reduction has been assumed for this. 

From Fig. 2 of this discussion we can conclude that the auxil- 
iary power is lower for the single-pass than for the two-pass con- 
denser. We have to keep in mind, however, that the prescribed 
over-all performance and first cost of a condenser plays a large 
part in choosing between a large condenser with small auxiliary 
power and a small condenser with large auxiliary power, or any 
other combination. 

When considering the situation from the economic point of 
view, the following seven items contribute to high auxiliary power: 

1 Low heat loading (that is, heat per unit surface and time to 
be transferred); this will occur when good performance condi- 
tions for the summertime are prescribed. 

2 When the inlet-water temperature is assumed high for the 
worst summertime condition for which the condenser is designed. 

3 When the hydraulic flow area of the condenser piping out- 
side of the condenser tubes is taken low in respect to the hydraulic 
flow area of the tubes, i.e., small piping. 

4 When bad performance occurs, that is, for instance when 
the water through one side of the condenser is heated more than 
through the other side. 

5 Low efficiency of circulator pumps and- motors. 
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6 High canal-level differences. 
7 Nonvariable speed pumps. 


All these items have to be considered to make a fair comparison 
between a multiple- and single-pass condenser. 

Theoretically, it can be proved that a single-pass condenser as 
in Delray is more economical from an operating point of view as 
to auxiliary power than a two-pass condenser to which Mr. Paul 
refers. This naturally becomes more pronounced if the hydraulic- 
circuit efficiency in a single-pass condenser can be raised, such 
as in Trenton Channel by taking out the outlet-box weir, to the 
same value as for a two-pass condenser. 

The author is of the opinion that the higher auxiliary power 
is therefore due, mostly, to the two-pass versus the single-pass 
condenser. In other words, this comes back to the fundamental 
conditions which govern the basic choice of the station condenser. 
This choice will depend on the quantity of circulating water 
available, on the character of the station loading, and on the 
justification of high initial investment with low operating cost 
versus low initial investment and high operating cost. 

When nonvariable-speed pumps are to be used, we must de- 
termine beforehand exactly the maximum water capacity of the 
circulators for the most economical running conditions at the 
high load under summertime conditions. This is a difficult point 
to settle before the condenser is installed, because it is dependent 
on the over-all performance of turbine and condenser. In case we 
play safe and choose the water quantity too high, we burden our 
auxiliary power unnecessarily for all conditions, because we can 
never run our circulators at a lower speed and so make up for the 
waste of power. This holds true especially for single-pump con- 
densers. 

The feature of variable speed of the circulators, as Mr. Paul 
states, is undoubtedly a large asset, especially for base-load sta- 
tions. We can still stay at the high efficiency of the design point 
of the circulators while varying the speed of the circulators ac- 
cording to the load on the turbogenerator. The reason for this 
is that all the losses, except the canal-level difference, are a func- 
tion of the capacities; in other words, the hydraulic-resistance 
line of a condenser runs prictically through zero head at zero 
capacity; thus, the auxiliary power increases with the third 
power of the capacity pumped. In the case in which the speed 
cannot be varied, the auxiliary power is always constant for the 
circulators if they are of the high-specific-speed type. For large 
turbogenerator units, the saving in auxiliary power is therefore 
considerable. This leads to the conclusion that it would be 
very uneconomical to have one pumping station to serve two- 
and one-pass condensers at the same time, or to have the same 
units served by one centrally located pumping station with differ- 
ent loads carried on the different units. 

In Fig. 2 of this discussion, {he comparison for the Delray con- 
denser of the variable-pump-speed curves with the constant- 
speed curves shows that the variable speed is of great help in re- 
ducing the auxiliary power in the wintertime (for this case, 
sometimes even to less than one half). 

In general, it can be said that as the single-pass condenser will 
always have a somewhat lower hydraulic efficiency than the 
two-pass condenser, the variable-speed feature will therefore be 
more advantageous economically for the single-pass condenser 
than for the two-pass condenser. If, as is general in Detroit, 
Mich., as well as in Berlin, Germany, the temperature of the 
circulating water is below 45 F for nearly half the year and the 
average load is higher in wintertime than it is in summertime, 
the usefulness of the variable-speed regulation is of a higher value 
because the circulating-water maximum capacity is calculated 
for river water at about 75 F. 

As to the variable-speed question, the author therefore comes 
to the same conclusion as Mr. Paul, that is, the variable speed 
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(and at any rate, a two-speed) regulation of the circulators is of 
high economical operating value, if the water were pumped 
directly out of a river, sea, or lake. Moreover, variable-speed 
regulation of circulators would nearly always be economically 
justifiable for both single-pass and two-pass condensers, espe- 
cially for large units. 


Metallurgical Aspects of Hot and 
Cold Strip for Deep-Drawing 
Requirements” 


AtvaNn L. Davis.t This informative paper is welcome to steel 
men and engineers who are interested in strip and sheet steel. 
Too seldom do we get such valuable presentations which combine 
theory and up-to-date practice. 

The grain size shown on the three-dimensional diagram, Fig. 
2, would be more readily assimilated by the average reader if 
given in millimeters, instead of u4*. Thus, the scale would run 
from zero up to 0.200 mm which would be in conformance with 
the practice of many years in nonferrous nomenclature. 

This, however, is a very minor criticism, and it is far better to 
use the micron scale, as the authors have, than the inverse grain- 
size numbers of the arbitrary A.S.T.M. scale. 


Cavitation 


Joint Discussion oF Two Papers By S. L. Kerr! anp J. M. 
Movusson? 


H. N. Borercuer.* In view of the trouble which cavitation has 
caused for many years, it is surprising that comprehensive re- 
search in this field, especially with regard to the effect on different 
metals, is a rather recent development. For this reason, it is the 
more gratifying that both of the investigations reported on by 
Messrs. Kerr and Mousson cover a large range of different metals. 

The search for accelerated methods of investigation is a natu- 
ral development in any type of research work. Similarly, any- 
one familiar with the correlation of laboratory and service data 
has a natural and frequently sound distrust of such abbreviated 
methods until satisfactory agreement with service experiences 
and conditions has been established. In service, corrosion and 
possibly galvanic action between different metals cannot be de- 
tached from cavitation, a point which Mr. Kerr justly stresses. 
These factors may also influence the progress and the effect of 
cavitation, especially when they are sufficiently severe to affect 
the surfaces to an appreciable depth. Realizing the limitation 
imposed by the neglect of the influence of these factors on the 
effects of cavitation, the experimental setup still should give 
conditions corresponding otherwise to those experienced in prac- 
tical application. It appears evident that the various types of 
venturi apparatus fill this requirement to a large extent. When 
a radically different type of approach is used, therefore, it would 
appear necessary to prove that, at least relatively, the results are 
in agreement with those obtained by the venturi-type tester. 


: * Published as paper IS-59-3, by J. E. Angle and W. F. McGarrity, 
aoa 1937, issue of the A.S.M.E. Transactions, vol. 59, pp. 

+ Research engineer, Scovill Manufacturing Company, Waterbury, 
Conn. Mem. A.S.M.E. 

‘Determination of the Relative Resistance to Cavitation Erosion 
by the Vibratory Method,” by S. Logan Kerr. Published as paper 
HYD-59-4, in the July, 1937, issue of the A.S.M.E. Transactions, 
vol. 59, pp. 373-397. 

*“Pitting Resistance of Metals Under Cavitation Conditions,” by 
J. M. Mousson. Published as paper HYD-59-5, in the July, 1937, 
issue of the A.S.M.E. Transactions, vol. 59, pp. 399-408. 

: Assistant to Superintendent of Steam Stations, Consolidated Gas 
Electric Light & Power Co., Baltimore, Md. Mem. A.S.M.E. 


The vibratory method of generating cavitation differs so much 
from the ordinary methods of cavitation testing that it should be 
carefully analyzed and checked before the results are accepted as 
definite criteria. The cavitation blows in service as well as in 
venturi-type testers are scattered, indiscriminately hitting differ- 
ent spots within definite areas. As the hits do not necessarily 
fall on the same spots, but descend more in the manner of rain 
drops, the tendency is to subject the metal to a kneading action. 
Considering a particle of metal at the surface, the first hit will 
create a minute depression, similar to a Brinell impression in 
many respects, usually with the edges slightly raised above the 
surface. A subsequent hit may strike the edge or close to it and 
would tend to push some of the metal back to its original position. 
Later hits may squeeze in other directions, spreading, compress- 
ing, separating, and reuniting the metal. 

It is by no means certain, and may be seriously questioned, that 
the vibratory method involves a similar scattering of cavitation 
blows. With the hits falling at practically the same spots every 
time, at least until the continuity of the surface has been broken 
by incipient pitting, the metal would be subjected to an action 
differing considerably from that described. The effect would be 
to strike the same spot repeatedly at high frequency and, thus, 
to intensify the compressive action until the metal fails. Though 
it is probable that a rough correlation exists between the two 
methods of attack, the first-named demands so much more plia- 
bility of the metal that exacting comparative tests of the two 
methods are absolutely necessary before the results of the vibra- 
tory method are to be accepted as more than an approximation. 

From the evidence presented in the paper, satisfactory agree- 
ment between the results of tests by means of the vibratory 
method and of the venturi-type tester does not appear to have 
been definitely established so far. The testing of the three widely 
different materials mentioned by the author is not conclusive 
since the fact that the losses are in the same relative order does 
not prove the close coordination of results required. The length 
of time needed to produce results in the Massachusetts Institute 
of Technology venturi testers suggests that comparative tests 
should be made by the type of apparatus developed by Mr. 
Mousson. 

Mr. Kerr comments also on the process of pitting itself. Photo- 
graphs of the type shown in the paper are sometimes rather 
misleading as a basis of comparative examination. The method 
of illuminating the surfaces and other photographic details often 
obscures or overemphasizes differences in appearance; a close 
examination of the photographs in Mr. Kerr’s paper illustrates 
this fact rather well. No reference is made in the paper to any 
metallographic examination of the specimens. Such examinations 
were made of specimens tested by Mr. Mousson and showed the 
reasons for some observations mentioned by Mr. Kerr. They 
explain for instance, the difference in the progress of pitting as 
the surfaces of ductile metals are first deformed and often strain- 
hardened before pitting sets in. Metals in a brittle condition, 
not being as able-to consume the energy of the cavitation blows 
by deformations, begin to shatter soon after the start of the at- 
tack. The difference made by Mr. Kerr between “high-strength” 
and “low-strength”’ metals in some places is rather loose and does 
not cover the features important in this respect. 

It is unfortunate that Mr. Kerr uses a well-established tech- 
nical term to convey a meaning different from its usual one. The 
fatigue limit is generally understood to be the max mum stress 
to which a metal can be loaded with alternating stresses without 
failure. This stress is below the yield point. Mr. Kerr uses this 
term to designate the condition at which plastic deformation 
changes into a breaking up or pitting of the metal. His fatigue 
limit, therefore, does not designate a stress, but a condition of 
strain; moreover, it is not located within the elastic range, but 
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at the point of exhaustion of the ability of the metal for plastic 
deformation. Notwithstanding this radical difference in using 
the term, he then proceeds to suggest the use of the vibratory 
method for determining the relative fatigue limits of metals. No 
such relationship has ever been proved and it is more than doubt- 
ful that it exists. 

The preceding paragraph is not intended to indicate absence 
of fatigue in cavitation pitting. The phenomenon of fatigue is 
present as has been shown by metallurgical examinations. The 
stresses directly at the surface, however, were far beyond the yield 
point of any metal in the accelerated cavitation tests. The sur- 
face layers, therefore, are either shattered, as in the case of brittle 
meta's, or are plastically deformed with ductile metals. In this 
latter case, destructive fatigue may take place beneath the sur- 
face layer, especially at small inclusions or irregularities in the 
metal, when there is a proper relationship between fatigue limit 
and ability of the metal to absorb energy by deformation. 

The criticism expressed in this discussion is not intended to 
depreciate the value of the vibratory method with regard to 
cavitation research. It appears necessary, however, to explore 
further the fundamentals of the method and especially the re- 
lationship to test methods more closely resembling service cavita- 
tion. Metallurgical examination of specimens subjected to test 
in this type of apparatus would also seem to be a desirable ex- 
tension of the research work done so far. 


H. L. Dopson.* The photographs of the specimens subjected 
to vibratory tests are strikingly similar in detail to certain pitting 
that has been observed on marine propellers. The orange-peel- 
surface effect shown in Fig. 31 of the Kerr paper which was pro- 
duced by the venturi test at a frequency of 50 cycles per sec has 
been observed on some propellers on the pressure face near the 
leading edge. Where this effect has been observed model ex- 
periments and observation of the full-scale propeller in operation 
have disclosed pressure-face leading-edge laminar cavitation at 
the locality of the surface effect. 

On the other hand, the photographs of the bronze specimens 
subjected to high-frequency vibration (6690 cycles per sec) cor- 
respond to the appearance of localized sharp pitting that may 
appear on the back of a propeller blade near the trailing edge or 
on the pressure face near the leading edge in the case of certain 
blunt-nose blade-root sections operating in a variable wake. 

The similarity in appearance of the laboratory specimens and 
actual propellers affected by cavitation makes of interest a com- 
parison of weight losses and frequencies. 

Starting with a pitted hole of 1 in. diam and of a mean depth 
of '/, in., acquired in approximately 20 hr of full-load operation 
of the propeller and 100 hr of operation at loads and speeds in 
excess of those at which local cavitation first appears, the required 
number of hours of operation to produce this effect, using the 
Kerr paper rate of 55 mg per hr at 6690 cycles per sec for the 
affected area of the specimen, is calculated to be 85. The actual 
weight-loss rate for this particular study thus-is computed to be 
from 4.2 to 0.85 times the laboratory rate of loss on the specimen 
subjected to high-frequency vibratory test. This seems to 
indicate that this type of pitting of the actual propeller is a high- 
frequency phenomenon. 

The propeller selected for the foregoing study was characterized 
by the same relative location for the single pit on the back of each 
blade. There was a difference between blades in depth of pits, 
the mean being the '/, in. heretofore used. The blades also had 
an orange-peel-surface appearance on the pressure face near the 
leading edge. 


4 Lieutenant Commander, United States Navy, Bureau of Engi- 
neering, Navy Department, Washington, D. C. 
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Some of the possible low frequencies are as follows: 


Frequency of variation in leading-edge 
pressure-face cavitation due to virtual shaft 
declivity 

Frequency of a single blade traversing 
wake water of strut arms................. 

First natural mode of vibration of a canti- 
lever of equal mass and of uniform section. . 

Second natural mode of vibration of a 
cantilever of equal mass and of uniform see- 


6.5 eyeles per sec 
13 cycles per sec 


100 cycles per sec 


600 cycles per sec 


These approximations indicate that the orange-peel-surface effect 
on the actual propeller may be due to a relatively low-frequency 
impact resulting from variations in flow and blade vibration. 

The variations in flow of the water into the propeller due to 
wake effect of the hull and the effect of propeller-shaft declivity 
impose entrance velocities and angles of attack on the blade sec- 
tions that result, in the case of highly loaded wheels, in cavitation 
at high power on all sections at some blade position in the disk of 
rotation. This local cavitation may or may not be accompanied 
by physical damage to the blade material. The results of the 
work of the hydraulic-engineering profession provide the marine- 
propeller designer with a backlog of valuable data in the event he 
is forced for special applications to use a material resistant to 
condensation impact. 


E. B. StrowGer.’ At the Rankine station of the Canadian 
Niagara Power Company there are installed seven double-runner 
turbines and four single-runner turbines operating under condi- 
tions which at times might be considered as conducive to rather 
severe pitting. In all turbines, bronze runners have been used 
from the beginning of operation, the first five units having been 
started in the years 1905 and 1906. The 32 years of operation 
of this plant make available a record of turbine experience cover- 
ing the use of bronze runners which may be regarded as a full- 
scale experiment both in regard to size of model and time. Data 
from the operating records of the plant may be of interest in con- 
nection with the papers of Mr. Mousson and of Mr. Kerr. 

In Table 1 have been listed all of the runners which have 
been used and which have shown a life period of ten years or 
longer. The table also sets forth data as to the runner number, 
the length of life, the number of major repairs, the location of the 
runner, and its composition. 

The longest life of any runner is shown to be 22 yr and was 
obtained with Nos. 18 and 19 made of a leaded-bronze composi- 
tion having 1.5 per cent lead, but roughly approximating the 
composition of gun metal. Runner No. 14, made of government 
bronze (gun metal), shows a ljfe of 17'/, yr to the present time 
and takes second place in the list when runners of the same com- 
position and of approximately the same life period are grouped 
together. 

So far the high-strength manganese-bronze runners have shown 
a life of 13 yr as indicated by Nos. 32, 33, 34, and 35. However, 
the present condition of runners 32, 33, and 35 indicates that they 
are soon to be replaced, leaving only runner No. 34 with a chance 
to equal the record of Nos. 18 and 19. 

This record seems to favor leaded bronze or gun metal instead 
of a high-strength manganese bronze as shown by Table VIII of 
Mr. Mousson’s paper. Furthermore, there are two practical 
objections to the use of a manganese bronze having a relatively 
high zine content such as 35 to 46 percent. One is the difficulty 
of welding the pitted areas by either acetylene or the electric arc 
on account of the rapid oxidation of the zinc, and the other is the 


5 Hydraulic Engineer, Buffalo, Niagara and Eastern Power Corp., 
Buffalo, N. Y. Mem. A.S.M.E. 
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TABLE 1 
——Location in power house— 
No. of mp ition 
Runner No. of yr major Unit Unit 
no. of service repairs no. Yr no. Yr Name Cu Sn Zn Mn Pb Ph Ni Fe 
18 22 0 7 22 87 9.5 2 . 5 
19 22 0 7 22 87 9.5 2 5 
20 1 1 4 4 6 Leaded bronze 87.2 87 09 1.8 0.05 
3 19'/ 1 2 19'/2 7.2 8.7 0.9 1.8 0.05 
14 171/244 1 3 17°/2+ Gun metal 88 9.5 2.5 Trace 
21 176 1 9 17 Leaded bronze 86.5 7 4.5 2 
10 161/, 1 5 11!/2 3 5 Gun metal 88 9.5 2.5 Trace 
5 15!'/ob 1 3 4 5 1'/, 87.2 10 2.0 Trace 
lf 15'/2 2 6 15!/2 87 10 2.0 1 
17 i 6 6 6 Leaded bronze 10 2.0 1 
20 14!/2 1 8 14!/2 86.5 7 4.5 2 
7 14 0 4 14 Gun metal 88 9.5 2.5 Trace : 
13 14 1 1 Ss 4 6 Leaded bronze 87.2 8.7 0.9 1.8 0.05 
32 1344 0 2 13+ “53-58 Sn 35-38 Mn Ni Fe 
33 13+¢ 0 2 13+ Ce 53 58 Sn 35-38 Mn Ni Fe 
34 13+¢ 1 13+ 153-58 35-38 Mn Ni Fe 
35 1344 2 11 13+ 53-58 Sn 35-38 Mn Ni Fe 
29 13 0 6 13 \ 87 10 2 
12 12!'/2 1 3 8'/2 4 a Leaded bronze < 87.2 8.7 0.9 1.8 0.05 
28 12!/4 2 1 12'/4 (87.2 8.7 0.9 18 0.05 
8 12 0 4 12 1 SS 9.5 2.5 race 
9 12 0 5 12 Gun metal {38 95 2.5 Trace 
11 12 0 2 12 Leaded bronze 87.2 8.7 0.9 1.8 0.05 
26 3 11!/2 Gun metal 88 10 2.0 Trace 
15 11'/2 0 5 11*/2 Leaded bronze 87.2 8.7 0.9 1.8 0.05 es 
23 11 1 10 11 Turbine metal 53-58 Sn 35-38 Mn Ni Fe 
2 10'/2 1 1 10'/2 Leaded bronze 87.2 8.7 0.9 1.8 0.05 
4 Still in use. 
Stored. 
gradual formation of hair cracks in the casting which apparently find major differences unless the material itself was faulty. This 


are due to internal stresses set up in casting. The difficulty of 
welding has been largely overcome by the use of atomic-hydrogen 
welding; this process produces a reducing atmosphere at the 
weld, and the formation of cracks may possibly be overcome by 
proper heat-treatment. 

These difficuluies make the use of ordinary bronze appear more 
favorable for the runners in this station, although greater care in 
the manufacture of some of the high-strength manganese bronzes 
may result in showing them up in better light. 

It is recognized that the physical properties of the metals of 
turbine runners influence their resistance to pitting as pointed 
out by Mr. Mousson and it is regretted that all of these physicals 
are not now available for the metals of the Rankine Station run- 
ners in order to make a more complete analysis than that shown. 
However, it is believed that the record presented has consider- 
able practical value on account of the long time element involved 
and the many runners included in the study. 


Mr. Kerr’s CLosurE 


The various points raised in Mr. Boetcher’s discussion must all 
be considered in a broad comprehensive research study of cavita- 
tion and its destructive effect upon the surface of fluid passages. 
The program undertaken by the Safe Harbor Water Power Cor- 
poration and its affiliated companies (described by Mr. Mousson 
and Mr. Boetcher in other papers) has covered a period of many 
years, has contributed greatly to the knowledge of the art, and 
has effected substantial savings in maintenance cost on hydro- 
electric units. 

In many instances, however, the time and cost factor precludes 
the idea of so ambitious a program. Quicker and perhaps less 
elegant methods must be made available if cavitation testing is 
to become widely used and accepted. 

The vibratory method does provide an inexpensive and rapid 
means of classifying materials in the order of their resistance to 
erosion by cavitation. In a space of a few weeks a large number 
of different specimens can be tested and the selection made of a 
small group of preferred materials. With the field greatly re- 
duced, the more precise methods preferred by Mr. Boetcher can 
be employed. 

One great advantage of the vibratory method which developed 
from this first large-scale study was its ability to repeat itself. 
Check runs produced consistent results and it was rare indeed to 


uniformity lent itself to the use of “standardizing” runs by which 
the so-called calibration of the apparatus could be checked. 
The author is indebted to Commander Dodson for his com- 
ments and to Mr. Strowger for presenting such an interesting 
tabulation of actual field data. It would be unusually valuable 
if vibratory tests could be made on specimens of each of the mate- 
rials employed and the results compared with field experience. 


Mr. Movsson’s CLosurRE 


The discussion submitted by Mr. Strowger is of particular in- 
terest as it gives a service record of various nonferrous alloys. 
The discrepancy between the field and laboratory results which 
he points out is not surprising and is probably only apparent 
and not real. It should be kept in mind that the chemical com- 
position by itself is no criterion for the pitting resistance, and that 
physical properties, grain structure, and manufacturing proce- 
dures as well as local field conditions should also be given careful 
consideration. 

It would be invaluable for the profession and the art if hy- 
draulic-turbine runners were carefully analyzed metallurgically 
prior to scrapping. This analysis should include the determina- 
tion of the physical characteristics of specimens cut from the 
runner blades as well as photomicrographs of samples from the 
pitted and unattacked zones. An accumulation of data of this 
nature would bring about the proper correlation between field and 
laboratory results so that decisions regarding future turbines need 
not be based either on laboratory or on field experience alone but 
on the accumulated knowledge of both. 


Power and Forces in Milling S.A.E. 
3150 Steel With Helical Mills’ 


Max KronensBerG.? The subject of metal cutting as applied 
to milling is complicated by the presence of a large number of 
variables and the particular action of a multiple-tooth cutting 
tool. 

In Table 1 of the paper the authors express the net horsepower 


1 Published as paper MSP-59-2, by O. W. Boston, W. W. Gilbert, 
and K. B. Kaiser, in the October, 1937, issue of the A.S.M.E. Trans- 
actions, p. 545. 

2 Research Department, The Cincinnati Milling Machine Com- 
pany, Cincinnati, Ohio. 
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per cubic inch per minute by means of the general formula 


where g = specific horsepower, hp per cu in. per min; C, = a 
constant applying to that particular condition of the tests; f, = 
feed per tooth, in; d = depth of cut, in; and, aand b = exponents 
of f, and d, respectively. However, from theoretical considera- 
tions, the specific horsepower required by milling can be expressed 
as a function of the so-called “midway chip thickness,’’ viz., the 
thickness of the chip at a point corresponding to the middle of 
the path of a tooth. By introducing the midway chip thickness 
as a basic unit in all milling formulas, a simplification is obtained 
which is found to be desirable in generalizing the results of cut- 
ting tests. 

It will be found that the midway chip thickness can be ex- 
pressed as 


[2] 


where ¢,, = midway chip thickness, in.; f, = feed per tooth, in.; 
d = depth of cut, in.; and D = diameter of cutter, in. Under 
any cutting condition where the same cutter is used, the diameter 
D remains constant and the midway chip thickness ¢,, becomes 
a function of the feed per tooth f, and of the square root of the 
depth of the cut d. 

By substituting in Equation [1] of this discussion the expres- 
sion for f, obtained from Equation [2] of this discussion, then 


C; /2)-b 


The writer has found that the specific horsepower can be ex- 
pressed as 


Equation [3] given by the authors in the paper and Equation [4] 
given by the writer in this discussion would be identical if 


[5] 


For the tests described in the paper under discussion, C; ap- 
plies only to conditions obtaining with one particular diameter of 
cutter. If the diameter D of the cutter be included in the con- 
stant C;, then we obtain another value of the constant. 


From the actual values of the exponents a and b taken from 
various papers,'* it is found that the difference between the two 
terms in Equation [7] of this discussion is very small as shown by 
Table 1 of this discussion; therefore, in accordance with the 
writer’s theoretical deduction, the difference between these two 
terms can be assumed as zero. 


Therefore, d@/2)-> = 1, 


Now, from the energy equation 


3 ‘Elements of Milling,’’ by O. W. Boston and C. E. Kraus, Trans. 
A.S.M.E., vol. 54, 1932, paper RP-54-4, pp. 71-104. 

4 “Elements of Milling, Part 2," by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 56, 1934, paper RP-56-1, pp. 355-371. 
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TABLE 1 COMPUTED VALUES OF (a/2)—}b FOR VARIOUS 
MATERIALS 


Material Boston and Kraus’ exponents*»4 
a b (a/2) — b 
Cold-rolled low-carbon steel... 0.27 0.13 —0.005 
0.28 0. +0.014 
Free-cutting screw-stock steel.. 0.23 0.14 —0.025 
8.A.E. 1020: 
Helix angle, Rake angle, 
deg deg 
0 0.30 0.11 +0,040 
0 0.29 0.11 +0.035 
0 EAR 0.29 0.08 +0.065 
0 0.29 0.14 +0.005 
20 0.28 0.17 —0 .030 
30 | err 0.33 0.18 —0.015 
40 eee 0.31 0.15 +0.005 
S.A.E. 3250: 
Helix angle, Rake angle, 
deg deg 
0 ee 0.22 0.10 —0.010 
0 0.24 0.12 0 
0 0.27 0.13 +0.005 
0 0.33 0.11 +0.055 
10 Ere 0.25 0.12 +0.005 
20 0.24 0.10 +0.020 
30 Serr 0.24 0.07 +0.050 
40 0.22 0.07 +0.040 
S.A.E. 3150: 
Helix angle, Rake angle, 
deg deg 
25 0.190 0.130 —0.035 
25 Ee 0.200 0.086 +0.014 
0.216 0.042 +0.046 
45 0.120 0.084 —0.024 


which was given by Boston and Kraus,’ we obtain the specific- 
horsepower formula 


C 
= 330007 a 
t 
and, since (C/33000) = we obtain 
C 


It will be seen that Equation [1] of this discussion can also be 
expressed in the form of Equation [10] of this discussion. There- 
fore, comparing these two equations, we have 


By substituting in Equation [7] of this discussion the expressions 
for a and b as given by Equations [11], it follows that 


Boston and Kraus stated in ong of their papers* that the average 
value of y is 0.85 and that of x is 0.7. If this value of x were sub- 
stituted in Equation [12] of this discussion, the value of y would 
be 0.85 exactly, which is the same value for y obtained by Boston 
and Kraus in averaging their results. If the experimental values 
obtained by Boston and Kraus for different materials were sub- 
stituted for z in Equation [12] of this discussion, the correspond- 
ing values of y thus calculated would be very nearly equal to ex- 
perimental values of y, except for the case of cast iron, pure cop- 
per, and bakelite. In these three materials, the cutting action 
must have been affected by the conditions of the cutting edge of 
the teeth, as stated by the authors of the paper.* Such a corre- 
spondence, however, between the experimental and the calculated 
values of the exponents is rather striking, and leads the writer to 
believe that the small differences which may be found between 
the calculated and the experimental values are within the limits 
of experimental error and the accuracy which is expected in any 
investigation. 


Car 
OF 
[4] 
n order to satisfy E j 
y Equation [5] of this discussi 
cussion, we must have 
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If the relation between exponents z and y, as given in Equation 
[12] of this discussion, were used in Equation [1] of this discus- 
sion, we would obtain 


From Equation [2] of this discussion we find that fa'”* =t,D'*. 
Therefore 


From Equations [11] and [6] of this discussion we have g = 
C;/t,’, which is the same as Equation [4] of this discussion. 

It is evident from the foregoing that the exponents of the feed 
per tooth and the depth of the cut are not independent of each 
other, but that they are related in the form given by Equation 
[12] of this discussion. It is also found that their relationship 
gives values which are substantially equal, within practical limits, 
to the experimental values. 

The specific-horsepower formula clearly indicates that the effect 
of the feed per tooth on the specific-power requirement is far 
greater than that of the depth of cut. For this reason the effi- 
ciency of metal removal will increase faster by increasing the 
feed per tooth than by increasing the depth of cut. 

Since the feed per tooth and the square root of the depth of 
cut are affected by the same exponent, i.e., 1 = 2, it is no longer 
necessary to consider the two separately; in fact, they have been 
combined in the so-called midway chip thickness, as shown by 
the writer in this discussion. Therefore, it is suggested that the 
midway chip thickness be used as a basic unit in milling investi- 
gations. 


R. R. WeppeE.u.' Although this paper is interesting because 
it gives comparisons for certain actual cutting conditions, the 
work should be extended to cover the study of face mills which 
are much more widely used than the helical type of cutters. The 
authors’ thorough analysis of the actual cutting conditions under 
which they were operating is to be commended; however, the 
use of the low cutting speeds may cause one to question its prac- 
tical value. In meeting practical operating conditions, one is 
often surprised at some of the alterations that are made to cutters 
in order to make them give satisfactory and efficient performance. 
Some of the rules for most efficient cutter performance are sacri- 
ficed to compensate for the reactions that are encountered in the 
work, fixture, or machine. The life of the cutter is perhaps one 
of the most important considerations and it, the life, is sometimes 
obtained by the opposite application of the one deemed best from 
the point of view of the most efficient forces or power consumed. 
Furthermore, some of the contradictory results that are obtained 
in actual shop practice on large production quantities, where the 
operating conditions are seemingly identical, makes one wonder 
whether anything has been learned of metal-cutting practice. 

The results of greater or less power with more or less chip 
thickness is well known. Also, the varying forces or power ob- 
tained with sharp rake angles or their modification for cutting 
certain materials are fairly well understood. The writer believes 
the conditions under which the authors’ experiments were per- 
formed would lead one to use angles which under actual operating 
conditions would cause the cutter to break down. A 20-deg rake 
angle on 0.50 carbon-nickel steel in general shop or productive 
work would be ruinous to long cutter life, although, on occasions, 
4 cutter as sharp as this has proved desirable to obtain free cut- 
ting or satisfactory finish for certain jobs. 

The authors’ remarks about comparative helix angles are of 


* Manager Small Tool Division, Ingersoll Milling Machine Com- 
pany, Rockford, Ill. Mem. A.S.M.E. 


interest. There is a general belief that steep helix angles con- 
siderably lessen the power or the load on the cutter. This is not 
entirely true as these experiments prove. The superior action of 
the helical cutters results from its smoothness in permitting the 
edge to ease into the work and allow several teeth to be cutting 
simultaneously. 

The brief description of Kraus’s dynamometer is of interest and 
should be described in more detail in the technical press. 


Avutuors’ CLOSURE 


Dr. Kronenberg’s discussion is based principally upon the 
advantageous use of the so-called “midway chip thickness.”’ 
This thickness presumably might be called the average thick- 
ness of the chip, as shown by a formula in “Engineering Shop 
Practice’’® which is similar to, but not equal to, Dr. Kronenberg’s 
Equation [2]. It is believed that the average thickness of chip 
is not an exact criterion on which to base energy consumption. 
“Engineering Shop Practice’? also contains a chart for various 
metals showing the number of cubic inches of metal removed per 
horsepower-minute. The average thicknesses of chips are plotted 
as abscissas, and results are given for three depths of cut, namely 
0.010, 0.100, and 1.090 in., respectively. The feed was varied to 
give an increasing average thickness of chip. From the authors’ 
experiments, for a constant value of average thickness of chip 
such as 0.0006 in., the cubic inches per horsepower per minute 
when cutting brass, for example, are 2.5 when the depth is 0.010 
in., but only 2.0 when the depth is 0.100 in. Also, 2.5 cu in. of 
brass are removed per horsepower-minute when the average 
thickness of chip is 0.0006 in., 0.0013 in., and 0.0023 in., re- 
spectively, obtained for each of the three depths of cut. 

A cold-rolled low-carbon steel milled with lard oil as a cutting 
lubricant is the only exception among several metals experimented 
with, which gave uniformly increasing energy values at increas- 
ing values of average thickness of chip obtained with the three 
different values of depth. The authors’ conclusion is that, inas- 
much as straight lines representing energy per chip are obtained 
on log-log paper as either the feed or depth is varied, the 
other remaining constant, this appears to be the simplest way 
of representing energy. It eliminates the computation for 
average thickness of chip which, in our experience, is not a 
reliable basis. 

Mr. Weddell in his discussion gives a comprehensive review of 
the subject, with which the authors are in agreement. Inasmuch 
as the milling machine which was used in these tests is no longer 
available, it is uncertain as to when tests with other types of cut- 
ters and materials will be undertaken. The dynamometer, origi- 
nally designed by Mr. Kraus, is the result of alterations and de- 
velopments and the work of several assistants for a number of 
years. Mr. Kaiser, in this work however, was the first to get it to 
function properly. At the present time there are no correct draw- 
ings available, which incorporate the modifications, so that the 
dynamometer will have to be disassembled and measured before 
such drawings can be prepared. 


A New Low-Alloy Pearlitic Steel for 
High-Temperature Service’ 


O. Howarp.? The writer would like to call attention to 
the trial installation of eleven 1.5 per cent molybdenum calorized 


6 ‘Engineering Shop Practice,”’ by O. W. Boston, John Wiley and 
Sons, New York, N. Y., vol. 1, 1933, formula 72, p. 262. 

7 Ibid., p. 273, Fig. 221. 

1 Published as paper FSP-59-12, by C. L. Clark and R. S. Brown, 
in the October, 1937, issue of the A.S.M.E. Transactions, p. 541. 

? Assistant General Superintendent, Oklahoma Gas and Electric 
Company, Oklahoma City, Okla. Mem. A.S.M.E. 
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tubes in the second pass of the No. 8 superheater at the Horseshoe 
Lake Station of the Oklahoma Gas and Electric Company, 
which installation was mentioned by the authors. These tubes, 
installed in November, 1936, have been in service 6320 hr, and, 
compared to the uncalorized low-chrome-molybdenum tubes 
installed in the same superheater, they have given excellent 
service. 

Creep measurements were made in the second, or outlet pass, 
after 3325 hr of operation at which time the increase in di- 
ameter of the calorized tubes varied from —0.001 in. to +0.004 in. 
with an average of 0.0021 in. on tubes 2 in. in diameter; however, 
the uncalorized low-chrome-molybdenum tubes in the same 
pass showed an increase of from 0.002 in. to 0.0055 in., with an 
average of 0.0038 in. Heretofore there appeared to be no 
definite signs of warping in the calorized tubes, but measure- 
ments taken recently after 6300 hr of operation indicated that 
they have bowed out 0.82 in., while the uncalorized low-chrome- 
molybdenum tubes which were in this same pass have bowed 
out 1.67 in. 

The surfaces of the calorized tubes appear to be in the same 
condition as when installed, while the low-chrome-molybdenum 
tubes appear to have changed somewhat from their original 
appearance. 

Contrary to the authors’ statement, the writer found and 
photographed a distinct line which appeared to be at the bottom 
of the calorizing and which was readily apparent to the eye 
without etching or magnification. 

The authors state that calorized tubes should be ground 
lightly at the end to remove about one half of the calorizing 
preparatory to rolling them into headers; however, it has been 
the writer’s experience with calorized tubes that all the caloriz- 
ing should be removed from the outer surface to obtain satisfac- 
tory results. 

The last shipment of calorized tubes received by the writer had 
the ends upset before calorizing, and then all the calorizing was 
machined off when the ends were turned down to 2 in. diameter. 
No field grinding was done on these tubes prior to their 
being installed, and to the present time the joints have held 
satisfactorily. 


AuTHORS’ CLOSURE 


The authors wish to express their appreciation to Mr. Howard 
for this careful operating report on calorized 1.5 per cent molyb- 
denum superheater tubes. It is gratifying to learn that praetical 
experience bears out the laboratory superiority of this steel to 
4 to 6 per cent chromium, 0.50 per cent molybdenum steel in 
oxidization and resistance to creep. The fact that there is less 
warpage is a surprise. It is probably due to the higher mini- 
mum critical point of the 1.5 per cent molybdenum steel. If the 
temperature of the outside fibers of the furnace side of the tube 
rises above the critical point, then on cooling there may be a 
time when the furnace side is expanding while the opposite side 
is contracting, and warpage results. 

The last method of preparing the tube ends described by Mr. 
Howard, i.e., upsetting before calorizing, and later completely 
turning off the calorizing, has now been adopted as standard 
practice. 

His comment about a line of demarcation being visible is cor- 
rect. The authors used the phrase ‘‘no line of demarcation” 
ill-advisedly. They intended to say that no line of separation 
exists as with a coating laid on the surface. The junction shows 
that the calorized coating is an alloy of the steel. 


AUGUST, 1938 


Determining the Tool-Life Cutting- 
Speed Relationship by Facing Cuts' 


Matcoitm F. Jupkins.?. The writer was impressed by the 


authors’ clear exposition of the significance of the constant and 


the exponent in the familiar VT. =C equation, and agrees that 
a low exponent is more important than a high constant when 
cutting metal under usual shop conditions. This is true because 
a low exponent means a flat curve, indicating high resistance to 
abrasive wear at cutting speeds corresponding to tool life in the 
region above 30 min, which is of greater interest than a high 
degree of resistance to abrasion at high speeds where tool life is 
only 1 min. 

The writer would like to know what heat-treatment was given 
the steels listed in Table 1 of the paper. Unlike sintered car- 
bides, which are inherently hard and need no heat-treatment 
high-speed and cobalt high-speed steels require careful and 
precise hardening before optimum performance can be attained. 
The authors state that the greatest variations in performance 
were encountered with the cobalt high-speed steels; however, 
this does not concur with the writer’s experience. During the 
past eight years the writer has conducted hundreds of quality- 
control tests on 18-4-1 and cobalt high-speed steels, as well as 
comparative cutting tests using Blue Chip and Circle C steels, 
manufactured by, the company with which the writer is as- 
sociated, and every competitive material on the market, and yet 
he has not encountered the variations which the authors mention 
in the paper. 

The writer notes that Table 1 of the paper gives “type analy- 
ses’”’ only, and that the carbon contents of the various materials 
are omitted. Manufacturers purposely omit this item from type 
analyses for the reason that they supply several different tempers 
or carbon contents of one steel for different classes of service 
within each group; for example, | per cent vanadium high-speed 
steels of the 18-4-1 type usually carry from 0.65 to 0.78 per cent 
carbon. In the paper, the 18-4-2 steels are described as though 
the increased resistance to abrasive wear were directly attribut- 
able to the higher vanadium content. Actually, the extra 
vanadium is added to permit the use of higher carbon content. 
The hardness and resistance to abrasive wear of high-speed 
steels are due in a large measure to the presence of complex 
iron-tungsten-chromium and vanadium carbides. The con- 
centration of hard carbides is of course proportional to the carbon 
content of the steel. Some of the irregularity and relatively 
poor performance of the cobalt steels tested may be due to the 
fact that the 18-4-1 samples had higher carbon contents. The 
test results would have been more comparable had full particulars 
regarding heat-treatment and chemical composition been sub- 
mitted with the report. : 


B. H. DeLona.* There appears to be no doubt that the 
formula developed by the Bureau of Standards for use in evaluat- 
ing log tests on tools of high-speed steel may be applied with 
equal success on facing tests of the disk type. The evaluation 
of various analyses of high-speed steels and the effectiveness of 
the methods of treatment have been tested in the writer’s labora- 
tory by a very similar method for about 25 years. Departures 
from the method described by the authors, as used in the writer's 
laboratory, are as follows: 

1 A ring 12 in. outside diameter, 4'/. in. inside diameter, 
6 in. thick and made of S.A.E. 3335 steel of an accurately com- 


1 Published as paper MSP-59-3, by C. E. Kraus and R. R. Weddell 
in the October, 1937, issue of the A.S.M.E. Transactions, p. 555. 

* Chief Engineer, Firthite Division, Firth-Sterling Steel Company, 
McKeesport, Pa. Mem. A.S.M.E. 

3 Metallurgist, Carpenter Steel Co., Reading, Pa. 
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posed analysis is used. The forging is normalized and annealed 
to show a definite Brinell hardness of 241 + 7. 

2 Customarily, '/2-in. tool bits are used which are ground 
with a face clearance of 9 deg, a side clearance of 9 deg, a rake of 
13 deg, and an angle of 68 deg between the rake and side clearance. 

3 A standard cut of !/s in. with a '/-in. feed is used with a 
speed of 32 rpm. 

4 The end-point is determined as the point at which the 
steel chip breaks, which is usually accompanied by a marked 
softening of the nose of the tool and the failure of the tool to con- 
tinue cutting. This end-point in the case of steel is doubtless 
considerably sharper than in the case of cast iron. End-points 
are quite definite and can be duplicated to within one revolution 
of the ring upon successive grindings of the same tool. 

The writer’s present method of evaluating the test is to carry 
on hand a quantity of very accurately heat-treated and ground 
standard bits. These bits are all made from the same bar of 
steel and heat-treated and ground under laboratory conditions. 
Results secured by their use on the same ring will check within 
+ 5 per cent. When running a test, one of these standard bits 
is used for each third cut on the ring. Results are reported as 
percentages of the average run of all the standard bits used on 
each log. 

In the course of the work in the writer’s laboratory, practically 
all of the analyses given in the paper have been covered, and as a 
matter of interest the average results secured are given in Table 1 
of this discussion. It is interesting to note that these tests 
run upon toughened steel show approximately the same order of 
cutting efficiency as the results shown by the authors’ test when 
cutting cast iron. 


ANALYSES OF TOOL MATERIALS 


Composition, per cent Percent- 

ages 

Ww Cr Vv Mo Co 
18.00 4.00 1.00 100 
18 00 4.00 2.00 0.50 108 
1.50 4.00 1.20 100 
14.00 4.00 2.00 4.00 119 
18.00 3.75 1.75 0.30 7.00 112 
20.50 3.75 1.50 12.00 125 


W. W. Gitsert.‘ The authors are to be commended on their 
original method of presenting the relation between the speed of 
a test block plotted against the radius at failure, and using the 
slope of the resulting curve to find the value of the exponent 
N in the equation VT = C, a common equation for turning. It 
is unfortunate, however, that a mathematical analysis of this 
method was eliminated from the paper, since it would show that 
the curves presented are correct only when the facing tests are 
started at the theoretical center of the rotating block and pro- 
gress toward the outside to the point of failure. Actually, the 
tests did not start at the center of the block, but at a diameter 
of approximately 4 in. A mathematical discussion would have 
shown that the error introduced by the practical methods used 
in this test, rather than theoretically perfect methods, would be 
small, probably not over 3 per cent, if the diameter at which the 
tests were started was less than one half the diameter at which 
the tool failed. There were also eight gaps of 1 in. each per 
revolution in which the tool was not cutting. Since these gaps 
were of uniform width, they would give the effect of the tool 
cutting the material a smaller percentage of the time when at 
the center than when at a larger diameter. It is possible that 
these two variations from the theoretical assumptions would cause 
the value of the exponent n to be different from that if theoreti- 
cally correct. conditions were used. With only the equations 
given in the paper it is not possible to use the data from the 


‘Instructor in Metal Processing, University of Michigan, Ann 
Arbor, Mich. Jun. A.S.M.E. 


517 


facing tests in the computation of the value of C in the V7” 
= C equation. The transposing equation should contain 
several factors which are not mentioned in the paper. It might 
be well if the authors would include this transposing equation 
in their closure, for the sake of clarity. 

A typographical error must have occurred when it was stated 
in the first column of page 557 that the values of the exponent n 
vary from 1/70.6 to 1/13.5. The writer believes this should 
read from 1/7.06 to 1/13.5. 


O. W. Boston.’ This paper gives some interesting results on 
the testing of high-speed-steel tool bits in facing cuts, as has been 
done already by others. There are a number of points, however, 
which seem to be inconsistent between the authors’ tests and the 
final conclusions. 

It is recognized that the testing of tools by taking facing cuts 
in the manner described makes it possible to compare the en- 
durance of such tools in a very short time. By having the ro- 
tating speed of the work such that the peripheral speed at the 
greatest radius is greater than can be stood by any of the tools, 
it is possible to make all tools fail in a fraction of one traverse of 
the face. Without a doubt, those tools continuing to cut to 
the largest radii would be superior. 

The writer concurs in the first two conclusions reached by 
the authors, but doubts the advisability and accuracy of the 
third conclusion, in which it is stated that data obtained by the 
facing-cut method may easily be put into the form of the equa- 
tion VT* = C. The writer has run numerous tool-life tests on 
high-speed steel when turning cast iron. The cast-iron test 
logs were cored to give comparatively thin walls of uniform 
structure. Logs so tested have had dimensions 40 in. in length, 
9 in. outside diameter, and 6 in. inside diameter. These logs 
have been found to be very uniform throughout, in fact, it is 
believed that the material of these test logs would be much 
more uniform than the material of the segmental blocks used by 
the authors in their facing tests. By using such cored test 
logs, consistently reliable data are obtained in a short time 
which lead directly to the VT" = C curve; therefore, the 
writer cannot see the indicated value of the facing test. 

While the mathematical conversion of the facing data into 
turning data is simple enough, it has not considered the fact that 
the cuts do start from a point having a radius greater than zero, 
and that the cuts are interrupted by eight constant-width 
radial spaces at each revolution of the material which, cast in 
such heavy sections, undoubtedly, varies considerably in uni- 
formity across the face. The paper might weil have presented 
some experimental data to confirm the authors’ faith in the con- 
version. The chip formation and rate of tool wear will vary 
over the whole cut, while in turning both would remain con- 
stant. 

It would seem that, if face milling were to be represented by 
the facing cuts, the feed and depth of cut as used should have 
been reversed. It is not believed that the effect on the tool life 
would be the same. The size and shape of cut as used by the 
authors for the tool shape shown in Fig. 2 would be approxi- 
mately a.rectangle 0.025 in. high and 0.131 in. long with a 45- 
deg chamfer on the leading edge. If the cut had been reversed, 
as in direct face milling, the cut would have consisted of two 
parts extending from the tool point along the cutting edge formed 
by the chamfer and thence at right angles to the work to a total 
depth of 0.131 in. Its thickness, parallel to the work surface, 
would be 0.025 in. Undoubtedly, tool-life values obtained 
under the two conditions would be quite different. 

High-speed-steel tools fail by abrasion on the clearance or 
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relief face when cutting cast iron. The writer has conducted 
extensive tests which have shown that, in normal turning, there 
is no change in diameter until the wear on the flank of the tool 
is sufficient to cause sudden tool failure. The wear on these 
tools, however, was below the side-cutting edge rather than 
on the end of the tool, which finishes the work, as appeared to be 
the case reported in the paper. These tests were conducted 
to determine whether or not a trailer tool or other means for 
determining the increase in diameter was necessary to arrive at 
the definite time of tool failure. For several years we have 
proceeded by determining the time of tool failure at a point of 
breakdown where there is no appreciable increase in diameter. 
In the case of face milling, however, the wear of the tool would 
be on the flank producing the finished surface and would affect 
the depth of cut. 

Inasmuch as this paper is to compare the tool life of various 
high-speed steels it is unfortunate that only type analysis of 
each steel was given as in Table 1 of the paper. It would seem 
that a complete chemical analysis, together with the specific 
heat-treatment and structure of each steel should have been 
given, as, without a doubt, these could have been used to explain 
many of the discrepancies found experimentally. It would 
probably have indicated the nature of the fault of those steels 
showing inferior performance and would have been of some 
commercial value. It is believed, however, that for any other 
conditions of tests, results of a different order would be ob- 
tained. 


R. G. Kennepy, Jr.6 The authors are to be congratulated 
on having devised a cutting test in cast iron which reduces the 
most objectionable feature in using this metal as a test material, 
namely, its lack of homogeneity. The consistency of the results 
for an individual tool, as illustrated by the data in Fig. 3, clearly 
indicates that the segmented disk face-cut method gives cutting- 
test results which are quite reproducible. 

The consistency of results which this method of testing achieves 
could be better judged if space had permitted the tabu- 
lating of the individual tests for each of the 23 steels listed in 
Table 1 of the paper. Since these tests have been used to 
evaluate different tool materials, it is suggested that more re- 
liable comparisons between the various high-speed steels could 
have been obtained if at least four different tools of each steel 
had been tested at three different rotary speeds, rather than one 
tool being tested at seven or eight different rotary speeds. Such 
a procedure would have given closer approximations to the true 
cutting qualities of the various high-speed steels since it would 
have included unavoidable variations in both the heat-treat- 
ments and the structures of the tools made from each kind of 
high-speed steel. 

The conclusions reached by the authors in most cases seem 
to be justified by the cutting-test results shown in Table 1. 
Vanadium has been shown by many investigators to increase 
tool life under moderate cutting conditions. The writer’s tests 
of many different types of tools made of molybdenum-tungsten 
high-speed steel (similar to steels Nos. 13 to 15 of Table 1), con- 
firm those of the authors in showing conclusively that, this type 
of steel is better than the 18-4-1 type. 

Some of the conclusions reached by the authors, however, 
may need some revision. For instance, a study of the curves 
shown in Fig. 5 and Fig. 7, reveals that the molybdenum-tung- 
sten steels Nos. 13, 14, and 15, as a group gave more consistent 
results than did the 18-4-1 steels, Nos. 1 to 6, since the curves 
for the molybdenum-tungsten steels are grouped together more 
closely than are the curves for the 18-4-1 steels. It is possible 
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that improper heat-treatments caused some of the inconsistent 
results, especially among the cobalt steels. The Rockwell € 
hardness values listed in Table 1 for steels Nos. 2, 5, 9, 14, 15, 
16, 19, 20, and 21 appear to be lower than is usual for properly 
heat-treated lathe tools made from these materials. It is proba- 
ble that steel No. 15 would have given better results if its 
hardness had been at least 66 C or higher, since these tests were 
run in an abrasive material. 

In speaking of the consistency of results it might be well to 
keep in mind several factors involved in the segmented disk 
face-cut test method. An interrupted cut in cast iron repre- 
sents two requirements for the cutting tool, namely, resistance 
to abrasion and resistance to shock. It happens that these two 
properties are conferred upon high-speed steels by two quite 
different types of heat-treatment. For abrasion resistance a 
high-speed steel must be hardened at a higher than normal 
temperature in order to have as much of its carbon as possible 
in solution in the matrix. This treatment gives a very hard 
and brittle tool which will exhibit considerable abrasion resist- 
ance and red hardness. For resistance to shock, on the other 
hand, a tool needs toughness, a property usually obtained 
in high-speed steels by hardening at lower than normal tem- 
peratures or by tempering at considerably higher than normal 
temperatures. Such heat-treatments result in a tool having 
greater resistance to shock, i.e., resistance to chipping out on its 
cutting edge when used on interrupted cuts, but also having a 
relatively lower resistance to abrasion. In the authors’ opinion, 
which factor in this type of test exerts the more important 
influence upon the tool-life values, abrasion or shock? 

The last point to be discussed is the translation of the data 
obtained by the present face-cut method of test into the form 
of the Taylor equation V7" = C. From the fact that the 
face-cut method shows high values of the constant C for the cobalt 
high-speed steels, indicating that these steels cut better than the 
noncobalt types at higher cutting speeds, the conclusion can be 
correctly reached that there is some physical basis for expressing 
face-cut data in the form V7" = C. It might be well, how- 
ever, to caution those who might attempt to compare the Taylor 
equations of Table 1 with those obtained for the same types of 
high-speed steels by the usual breakdown type of test on a 
cylindrical log. The authors have shown that data obtained 
from the face-cut method are in the form of (1) values of R, 
revolutions per minute of the test block, and (2) corresponding 
values of r, the radius at the selected point of failure of the tool. 
These data are plotted on log-log paper in Fig. 3 to give straight- 
line curves, which is the reason why the data can be put in the 
form VT" = C. Limitations of space evidently did not permit 
the authors to show the mathematical procedure by which they 
arrived at the expression (1 + N)/(1 — N) as the slope of the 
straight line shown in Fig. 3. To clarify the procedure, con- 
sider the Taylor equation V7" = C. In the face-cut method 
the cutting speed at the point of failure may be expressed as 


V = aRr 


where V = cutting speed, fpm; R = rotary speed of the test 
block, rpm; r = radius at point of failure, in.; anda = a constant 
= x/6. The tool life may be found from the expression 


T = b(r/R) 


where 7 = tool life, min; b = a constant = 1/feed = 1/0.131; 
and R and r are as given previously. By substituting the fore- 
going expressions for V and 7’ in the equation VT" = C, we 
have 


(aRr) (b(r/R) |" =.C 
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DISCUSSION 


By taking the logarithms of this last equation, we have 
loga + logR + logr + Nlogb + Nlogr — NlogR = logC 
or 
logr (1 + N) + logR (1 — N) + loga + Nlogb = logC 


or 
r 


+C’ 


1 
logk = — 


where C’ is a constant including a, b, C, and N. 

This last equation is the slope-intercept form of a straight- 
line equation in which logR represents the ordinates, logr the 
abscissas, (1 + N)/(1 — N) the slope of the straight line, and 
C’ the intercept on the logR axis. Hence in Fig. 3, the slope of 
the straight line is represented by (1 + N)/(1 — N) and from 
this expression N can be evaluated. An inspection of the mathe- 
matical procedure given by the writer will show that the face- 
cut data can be put in the form V7‘ = C only by using the 
cutting speed V obtained at the point of failure. This cutting 
speed is the maximum value for each test and is considerably 
greater than the average cutting speed of each test. But the 
Taylor equation VT’ = C is obtained by cutting tests at 
constant cutting speeds in the usual breakdown tests on cylin- 
drical logs, so the face-cut data when put in the form VT‘ = C 
do not represent the true Taylor equations. 


N. I. Srorz.?’ The writer does not consider himself well 
enough versed in mathematics to follow all the details involved 
in the formula used, but he does feel, however, that in a certain 
broad algebraic sense it is verified because the steels tested have 
actually finished more or less in the order one would expect them 
to. It is probably irrelevant whether the molybdenum steels 
show slight superiority over the 18-4-1 types although the writer 
looks on this as significant. They should be expected to do about 
the same work. He would also expect the 18-4-2 steels to be 
more efficient than either the molybdenum or 18-4-1. In the 
case of cobalt steels, it would seem that materials Nos. 16 and 18 
are not too happily chosen. It should not be inferred that 
commercial applications for such steels are not possible but it is 
felt that their use is confined to special cases. It is the writer’s 
experience that cobalt in quantities of less than 4 per cent is not 
very useful in actual practice. This would leave only steel No. 
21 to disturb the regular performance of the cobalt types and it is 
felt that there is an unnoted factor in this case which is responsible 
for the result. 

The writer is also somewhat impressed by the position taken 
by the molybdenum-cobalt type, steel No. 15. It has long been 
suspected that nominal amounts of cobalt added to the tungsten 
steels improve their properties much more than the same amount 
of cobalt added to the molybdenum steels. Since the initial 
solubility of carbides in the molybdenum steels is so much greater 
than the solubility of carbides in the tungsten steels, and, since 
cobalt is a distinctive factor in aiding solubility, it would seem 
logical to expect the resuits found. For these reasons it is felt 
that the formula has stood the test of metallurgical inspection 
quite well. 

It is unfortunate that the carbon content of the steels is not 
listed and that the heat-treatment is not known. It is under- 
stood that these tools were merely commercial bits, for the most 
part treated by the manufacturer. A study of the hardness 
would indicate that in various cases a somewhat higher Rockwell 
number may have been used to advantage. A true interpreta- 
tion of this point is quite dangerous without definite knowledge 
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of the heat-treatment used or at least a study of the microstruc- 
ture of the bit. 

All cutting tests, of course, should be subjected to careful 
interpretation. 
show that the test is really interpreting the efficiency of various 
heat-treating procedures rather than the maximum cutting 
efficiency of the steels. It is not uncommon to use cutting tests 
for the former purpose. The writer can, therefore, heartily agree 
with others who discussed this paper that the interpretation of 
the results is of equal or more importance than the test itself. 


AvuTHors’ CLOSURE 


The authors have been greatly pleased by the reception given 
their paper and feel that much has been added to its value by the 
comment and discussion which followed its presentation. The 
purpose of the paper was to present a method of determining 
and analyzing tool-life data rather than to present a complete 
study of results, and it is hoped the method may prove of value 
in more quickly and accurately comparing tool or work materials 
on a tool-life basis. 

Mr. Judkins asks several questions that the authors have been 
asked many times regarding the heat-treatment and carbon 
content of the high-speed steels tested. The tool bits were all 
ordered from stock and therefore probably had been given heat- 
treatments suitable for miscellaneous shop use. While it is 
true that the tool life of a particular type of steel under any 
specified set of conditions can be changed considerably by con- 
trolled carbon content and special heat-treatment, the authors 
felt that for the particular purpose of these first tests, it would be 
better to use stock general-purpose tool bits. Most high-speed- 
steel face mills are general-purpose cutters. Production cutters 
used exclusively on cast iron or the so-called semisteels are mostly 
Stellite or carbide cutters. However, we agree with Mr. Judkins 
that the results given in the paper would have been more com- 
plete with the additional information on the tool steels. 

Mr. Gilbert asks about the effect of not starting the test cuts 
at the center. The authors regret that the mathematical deriva- 
tion of the equation for determining » and C in the equation 
VT" = C by the face-cut method was omitted in printing the 
paper. A study of this derivation shows plainly the negligible 
effect of ignoring the center portion. Integrating to obtain the 
final equation, gives 


1/n r 


Where R is the rpm of the test block and r is any radius. 
Since the authors used a 6-in. diam hole at the center, the lower 
limit of integration was 3 while the upper limit was, of course, the 
radius at point of failure. If we assume n = 8 and take the 
smallest radius of failure used in the tests, we find our error 
to be (*/s)*, or 0.015 per cent. This is about 1 part in 6700. 

Neglecting the lower limit and transposing, the resulting 
equation becomes 


n/(1—n) 1/(l1—n) 
(2) .--[2] 


n 


The value of n can be determined at once by plotting on log- 
log paper, and it is then a simple slide-rule calculation to de- 
termine the value of C. Since the error due to not starting at the 
center is so small, it follows that a much larger hole could have 
been used, but a test block of sufficient diameter should be used 
to allow determining a range of values of small r. 

The effect of the eight 1-in. gaps is also relatively small as further 
analysis shows but for brevity the analysis will not be given here. 


So many times a multitude of variables may 
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The gaps were provided to approximate the shock and scale 
conditions of actual face-milling cuts. 

Professor Boston also questions the accuracy of the face-cut 
method compared to tests on cylindrical workpieces and com- 
ments on the effect of turning the chip on its side. For some 
time there has been under development a number of new milling 
processes capable of high feed rates. Some of these involve 
turning the chip on its side as was done in these tests. For this 
reason, the authors also, were quite concerned over possible 
effects on tool life and testing accuracy. Many tests were run 
in this study and the conclusion was that if such an effect existed, 
it was smaller than the experimental error. It may be of interest 


to note that one of these new processes in a production run using a 
high-speed-steel test cutter in bad scale conditions gave a cutter 
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life of five times as many pieces per grind at five times the feed 
rate as a conventional face-mill of Stellite. 

Mr. Kennedy asks whether shock or abrasive resistance is 
more important in this type of test. The authors believe abra- 
sive resistance is more important in milling cutters cutting cast 
iron of soft or medium-hard grades. The reason for generally 
supplying a tougher grade than is indicated for cast iron in milling 
cutters is because they are normally general-purpose tools used 
on steel as well. 

The authors were particularly interested in Mr. Stotz’s inter- 
pretation of the results which were given in the paper, from a 
metallurgical standpoint. They also wish to take advantage of 
this opportunity to thank all those who have so kindly discussed 
the paper. 


ey, 
2 
ti 
te 
ast 
| 
< 
| 
| 
oh 
ap. 
ak 


FSP-60-18 


The Fundamentals of the Design of 


Cracking Furnaces 


By A. L. BAKER,' J. H. RICKERMAN,? anv W. E. LOBO,? NEW YORK, N. Y. 


The great number of variables necessarily considered 
in the composite design of cracking furnaces in petroleum 
refining requires unusual engineering attention, resulting 
in a marked prevalence of custom designs, as contrasted 
with the usual steam-boiler designs. In this paper the 
procedure of design of cracking furnaces is discussed from 
the standpoints of processing, surface requirements, ar- 
rangement of heating surface, efficiencies, and heat dis- 
tribution. The importance of obtaining good heat dis- 
tribution by the proper combination of heating surface, 
well-designed burners, and handling of furnace draft is 
emphasized. 

Due to the relatively short life of the average refinery 
furnace, the question of capital cost is of prime impor- 
tance. In addition, the nature of the fluids handled, 
under relatively severe conditions of pressure and tem- 
perature, requires the closest possible check on the ma- 
terials of construction in order to insure safety of opera- 
tion, combined with low capital cost. The various ma- 
terials, such as tubes, headers, brickwork, which enter 
into the mechanical construction of the furnace itself, 
are considered, and typical detailed designs presented. 
The increased use of high temperatures and pressures and 
the trend toward higher heating rates make this part of 
the subject of increasing interest to the oil refiners. 


troleum industry the cracking furnace is probably the most 
important, and the one to which most attention must be 
given in order to insure the correct cracking conditions for long 
runs at the desired crack per pass (gasoline yield in per cent of 
furnace throughput). Such furnaces are commonly designed to 
process a large number of different types of charging stocks, rang- 


(): ALL THE tube-still heaters designed for use by the pe- 
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ing from heavy reduced crudes, very heavy and light gas oils, 
paraffin distillates, and kerosenes, to naphthas and gasolines to be 
reformed. More recently they have been applied to thermal 
polymerization work where temperatures and pressures may be 
even higher than in the usual cracking units. Each of these 
stocks must be heated and cracked under such conditions that 
coking in the tubes is eliminated, although each of them requires 
entirely different time-temperature relationships, and possesses 
entirely different maximum permissible heat densities and allowa- 
ble cracks per pass. Due to the fact that a cracking unit or- 
dinarily involves a relatively high investment cost, it is essential 
that a cracking furnace be designed for a reasonably long life 
with low maintenance cost. Much maintenance work results in 
expensive down time, which ties up valuable equipment, and 
yields no product. Again, long runs should be obtained, as shut- 
ting down of the equipment for cleaning is costly. Even heavy 
coking of tubes during long runs is undesirable, as considerably 
more cleaning time is required. 

In order to design furnaces which will contain all the elements 
desirable in such a heater, close collaboration is necessary be- 
tween the cracking laboratory and the process-engineering de- 
signer, and between the latter and the men who know construc- 
tion materials and their limitations. Practical experience in the 
field must be tied in with theoretical knowledge of the cracking 
characteristics of the stocks to be processed. 


Process DEsIGN 
(A) Calculation of Duty and Efficiency. 


The cracking furnace may be considered to be divided into three 
parts; the preheating or economizer section in which the oil is 
brought up to the initial cracking temperature; the heating sec- 
tion in which cracking begins, and in which the oil is heated rap- 
idly, approximately to the maximum temperature to be obtained 
in the furnace, and when no reaction chamber is used, the soaking 
section in which the oil is usually heated at a lower rate, and in 
which the final stages of cracking take place. These three opera- 
tions may not be actually separated. It may be desirable in 
many cases to eliminate one or more of these sections. Certain 
types of cracking operations are best carried out by heating the 
oil to its outlet temperature at a high rate. In these cases no 
provision is made for soaking time, except for that automatically 
obtained in coming up to temperature. 

The size of the preheating section is usually determined by the 
over-all furnace efficiency desired. The over-all efficiency for 
which a furnace is to be designed should be determined by the 
cost of the fuel to be fired. In most cases it is desirable to operate 
a furnace with a low percentage of excess air, in the range of from 
10 to 25 per cent, so that the variable then determining the fur- 
nace efficiency is the flue-gas outlet temperature. From eco- 
nomic considerations this flue-gas outlet temperature may be set. 
In many cases high efficiencies are obtained only by the use of air 
preheaters, which permit low stack-gas temperatures to be 
reached. By their use, over-all efficiencies as high as 80 per cent 
based on the lower heating value of the fuel may be obtained. 

In the design of a cracking furnace, the first step is the calcula- 
tion of the furnace duty. This must include the sensible heat re- 
quired to heat the oil to the furnace outlet temperature as well as 
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any latent heat for vaporization. In addition, as the reaction 
taking place in the heater will usually be endothermic, an item 
for the heat of cracking must be included in the calculation of 
furnace duty. 


(B) Radiant Section. 


The size of the radiant section is set by the radiant rate desired. 
Experience has shown that a safe and conservative rate for crack- 
ing black oil is 10,000 Btu per hr per sq ft of outside tube surface, 
and for clean oil about 13,000 Btu. In many cases rates double 
the above have been successfully obtained, particularly in the 
zone where only a small amount of cracking has taken place. 

Having set the average over-all radiant rate desired, use may 
be made of the empirical radiant-heat equation of Wilson, Lobo, 
and Hottel (1)* for box-type furnaces. This equation is 


1 
1 + 


u = fraction of the net heat, above atmospheric temperature, 
entering the chamber in one hour in the fuel, preheated 
air, and recirculated gas, if any, which is transferred to 
the ultimate heat-receiving surfaces, in the chamber 

G = air-fuel ratio or ratio of air plus recirculated flue gas if 
any, to fuel, in pounds per pound 

Q = net heat in the fuel fired, Btu per hour 

A, = total outside exposed tube area in square feet. 


= 


This equation is applicable only to furnaces having a single row 
of radiant tubes. For furnaces of other types, reference to the 
original article (1) should be made. 

The item G in the equation is determined by the characteristics 
of the fuel to be fired, and the percentage of excess air to be used 
in the design. The value of Q is obtained simply by dividing 


the duty by the desired furnace efficiency. 

When the desired over-all radiant rate is given, in cases with no 
flue-gas recirculation, the surface A- to be used to obtain that 
rate may be determined directly by using a slightly different form 
of Equation [1] in which R is the over-all radiant rate assumed. 


When the furnace is to be designed for operation with fuel oil, 
with no flue-gas recirculation and with 25 per cent excess air at 
the burner, the equation simplifies to 


The tube surface having thus been determined, it is then neces- 
sary to decide on the size and length of tubes. It has been found 
that it is economical to place as much tube surface as possible in a 
given box volume. For this reason tube length should be chosen 
with this fact in mind. Long tubes require more tube supports 
but fewer bends, and so give less pressure drop than short tubes. 
The inside tube diameter should be chosen to give as high veloci- 
ties as possible compatible with the allowable pressure drop. 
Where heavy stocks are being cracked, cold-oil velocities of 6 to 
8 ft per sec or higher are recommended. Even with clean stocks 
it is believed that for a given heating rate higher allowable cracks 
per pass might be obtained if velocities are maintained high. 


(C) Convection Sections. 


When the duty to be performed in the radiant section is known, 
and allowance is made for radiation losses, a heat balance will give 


4 Numbers in parentheses refer to the Bibliography. 
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the temperature of the flue gases passing to the convection sec- 
tion. Heat is received by the tubes in this section from three 
sources. The first two rows of the section receive heat from: 


(a) Radiation from the hot flue gases and hot brickwork fav- 
ing the tubes. 

(b) Radiation from the flue gases passing through the tubes. 

(c) Convection from the hot flue gases passing through the 
tubes. 


The subsequent rows in the convection bank receive heat from 
the same sources, with the exception that under item (a), heat is 
received only from the walls adjacent to the tubes on either side. 
An equation for this ‘‘wall effect’”’ has been given by Monrad in a 
previous publication (2). 

Radiation from the hot gases and hot brick surfaces can be 
calculated by the method of Hottel (3, 4, 5) using the radiation 
charts for carbon dioxide and water vapor. Convection co- 
efficients can be calculated from Monrad’s Equation [2]. 


(D) Soaking Section. 


Thus far there have been considered the two heating sections 
of the furnace. The section in which most of the cracking occurs 
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has been termed the soaking section, and may be an entirely sepa- 
rately heated section, or may be an integral part of the heating 
section. It is, in many cases, a second row of shielded tubes in 
the radiant section, or it may be located in the convection sec- 
tion shielded from direct radiation. 

Maximum flexibility can be obtained by locating the soaking 
section in a separately fired radiant section, as shown in Fig. 1. 
By this arrangement the temperature of the oil entering this sec- 
tion can be regulated by the firing in the heating-section combus- 
tion box, and the final transfer-line temperature, by the firing in 
the soaking-section box. For a given maximum transfer-line 
temperature, additional effective time can be obtained simply by 
firing the heater section somewhat harder. The temperature of 
the oil entering the soaker section should depend upon the total 
soaking volume required. The larger the required volume, the 
higher should be the inlet temperature to this section. The oil 
duty performed in the soaker section will be the sensible-heat duty 
for that section, plus the heat of cracking for that portion of the 
cracking performed within the section. Radiant rates usually 
cannot be as high in the soaker as in the primary radiant section. 
The allowable heat-transfer rate will be a function of the charac- 
teristics of the stock, the velocity, the crack per pass, and the 
limiting tube-wall temperature. In order to obtain the required 
volume, and keep the radiant rate down, in those cases where 4 
considerable heat load is assigned to the soaker section, it may be- 
come necessary to resort to smaller tube sizes, as the ratio of sur- 
face to volume is then greater. Where separately fired soaker se¢- 
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tions are used following a heating section, in which only a small or 
negligible amount of cracking is done, it is possible, and even eco- 
nomical, to design the heater section for considerably higher over- 
all radiant rates. This type of design is particularly advisable 
when various types of cracking stocks are to be processed. In 
general, however, due to the additional structure usually required, 
a furnace with a separately fired soaker is more expensive in first 
cost than one in which such flexibility is not incorporated. 

Soaking sections may be located in the primary radiant section 
as a shielded row of tubes, as in Fig. 2. These tubes are placed 
behind the main heating tubes and thus receive heat at much 
lower heat densities, approximately 35 to 45 per cent of the first- 
row rate. Such location has the advantage of making a more 
compact furnace with soaking tubes easily accessible and visible. 
It also permits the arrangement of heating surface in such a 
manner that decreasing heat densities can be obtained as the oil 
is progressively cracked. 

Soaking sections located in the convection bank may also be 
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used as indicated in Fig. 3. These provide a compact means of 
installing the necessary tube volume and, in most cases, result in 
giving a design with the lowest investment cost. Where use is 
made of this arrangement, care should be taken that the heat 
density is sufficiently high to insure against a falling temperature 
gradient. 


(E) Pressure Drop. 


The pressure drop which will result when heating and cracking 
an oil in a furnace under definite conditions of temperature and 
pressure is of importance in selecting the furnace charge pump, as 
Well as in choosing the proper thickness and material for tubes and 
headers. Calculations must consider the amount of vaporiza- 
tion, and the products made, as well as estimate their approxi- 
mate rate of formation throughout the heater. The compres- 
sibility of the vapors and their deviations from perfect gases are 
involved, and consequently, fairly complete correlations of the 
physical and critical properties are necessary. 
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ARRANGEMENT OF HEATING SURFACES 


The required amount of tube surface may be arranged in a 
furnace in a number of different ways. In the radiant section of 
the more or less conventional box-type furnace there are six sur- 
faces, including roof and floor. Study has shown that the cheap- 
est location for tubes is the roof, followed by the floor, outer wall, 
bridge wall, and burner walls, respectively. In other words, for a 
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given furnace-box volume, heating surface may be progressively 
installed on roof, floor, and so on, as the furnace duty is increased. 
Before the box size is enlarged, all the available wall surface 
should usually be utilized as heat-absorbing surface. 

Convection sections may also be located in a number of dif- 
ferent places. Advantageously, they can be built above the radi- 
ant section, either in the middle, as in Fig. 5, orin oneend. Such 
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construction often eliminates the need of an expensive bridge 
wall, as well as all flue-gas ducts when the stack is located on top 
of the convection section. When two separate cracking coils 
are included in the design of the unit, savings can be made by 
making a single two-coil furnace, in which each coil has its own 
separately fired and controlled radiant section. See Fig. 6. 


In other cases where separately fired soakers are desired for each 
stream, two separate furnaces may give a more desirable layout. 


Heat 
(A) Importance and Effect of Heat Distribution. 

The heat distribution occurring in any furnace box is of prime 
importance from the standpoint of successful operation. Flame 
impingement, or localized overheating, will result in the coking 
of furnace tubes, and in tube ruptures. Again, along the length 
of any tube, it is necessary that the heating be uniform, and not 
concentrated in one or two small sections. In addition to ob- 
taining good distribution along the length of the tubes, it is 
necessary to consider the relationship between the heat densities 
in the various tubes of the furnace. 


(B) Method of Obtaining Heat Distribution. 

1 Location of Heating Surface. The location of the heating 
surface in the combustion chamber of any furnace will affect the 
distribution of heat. Symmetrical arrangement of tubes around 
the surface of a box would result in uniform distribution of heat 
if the source of heat and of radiation were symmetrical to the 
heating surface. Actually, perfect symmetry of heat distribu- 
tion is almost impossible. For this reason care must be taken in 
the location of heating surface relative to burners and the flue- 
gas exit passage. Again, in a given box where all the inside sur- 
face is covered with tubes, there will be less variation in heating 
intensity to the various portions of the cold surface, due to re- 
radiation from hot radiating surfaces. In a radiant section in 
which tubes are located on roof and one wall only, both roof and 
wall tubes will receive reradiated heat from the floor and three 
hot walls. However, due to the difference in location of the two 
cooled walls with respect to the reradiating walls, the heat in- 
tensity to the two heat-receiving surfaces will be different. 

Perfect heat distribution, i.e., equal heat pickup by each foot 
of tube surface in the furnace box, is not essential nor, in many 
cases, desirable. As pointed out before, the allowable heat 
density varies with the temperature-pressure-volume conditions, 
and it may be eminently desirable to have a higher heat density 
at the start of the heating cycle, and a lower one as the end is 
approached. Consequently, the oil flow should be such that it 
takes into account the fact that in a given box there may be un- 
equal heat distribution. However, it is obvious that where a 
high rate of heating is permissible, the heat distribution should be 
such that all tube surfaces are working to best advantage, and 
where only lower heat densities are desired, no section of the 
tube surface should be exposed to a rate higher than allowable. 

The attainment of good or desirable heat distribution in any 
furnace is not easy. It is dependent on many variables such as 
the location of the heating surface, the characteristics of the 
burners and their location, and on the furnace draft conditions. 
It may be said that in general, refinery cracking furnaces are 
operated with poor combustion conditions. Considerable study 
of this subject in the last few years has yielded a large amount of 
important information relative to the conditions necessary for 
good heat distribution. 

2 Combustion. In the heating of oil to cracking tempera- 
tures, the relation of combustion and the burning of fuels to the 
major subject of heat distribution may not be treated abstractly. 
Certain aspects of combustion which apply when generating 
steam for example, must be modified in applying the combustion 
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of fuels to an oil-heating process. Unlike the steam generator, 
wherein the water is, in effect, an infinite heat absorber, an oil- 
heating furnace may not only raise the temperature of the oil 
to a given point, but may also subject the hydrocarbons being 
heated to thermal decomposition during which the rate of heat 
input must be closely controlled. As a result, the creation and 
maintenance of combustion conditions peculiar to a given oil- 
heating or cracking process are usually required. 

Faulty combustion may cause impingement of flame on floors, 
walls, or tube surfaces; it may also cause lack of control of the 
flame and combustion-gas path, damage to tubes and hangers, 
high maintenance costs, dangerous and destructive fires, and 
faulty process operation due to local overheating of the charge; 
all of which result in loss of time on stream and other serious 
operating and maintenance difficulties. Incorrect adjustment 
of, or inability to control the air and fuel results in an imperfect 
mixture of fuel and air and unevenness of flame pattern. . 

Ideal conditions for combustion are realized when fuel, ade- 
quately mixed with air, burns under conditions that may be con- 
trolled, at will, to give an oxidizing or reducing furnace atmos- 
phere, a long or short flame, and controlled flame temperature 
and flanie pattern. In an elementary sense, with any fuel, the 
combustion problem is the same, i.e., the producing of a uniform, 
thoroughly intermingled, combustible mixture of fuel and air, 
the raising of this mixture to the ignition temperature, and the 
providing of adequate space to allow complete combustion. 

When gas is the fuel, proper mixing becomes a function of 
burner and air-register design, gas pressure, air pressure and 
volume, and constancy of gas composition and heating value. 
When fuel oil is used, it is necessary that it first be changed by 
complete vaporization into a gaseous hydrocarbon fuel in order 
to be properly and completely burned. Complete smokeless 
combustion of these gaseous hydrocarbons will result only if they 
are brought into intimate contact with sufficient oxygen, and if 
the mixture is kept at a high temperature for sufficient time to 
allow the oxygen to react with the hydrocarbons. On the other 
hand, in the absence of these conditions the hydrocarbons may 
crack, yielding carbon (soot) and giving a smoky flame. 

In addition to these requirements for ideal combustion, an 
additional furnace condition, proper draft, is also of vital impor- 
tance. No matter how accurately other conditions may be con- 
trolled, the draft in the furnace, if variable, has a profound in- 
fluence on uniformity of combustion. As the heat-input rates in 
furnaces are raised above present levels, the adoption of auto- 
matic draft control will undoubtedly be desirable and, in certain 
cases, obligatory if optimum heating results are to be obtained. 

3 Burners. In order to approach the conditions outlined 
for the ideal combustion of gas fuel, a gas burner must have 
the following construction features: 

(a) An inlet connection to the burner gas tip or spud which 
insures equal pressure at all outlet orifices with a minimum pres- 
sure drop. 

(b) An orifice or spud arrangement which produces a gas 
pattern designed to mix with the air-inlet pattern in the most 
intimate manner, at the maximum velocity and in the desired 
time. The gas velocity in the tips should be high enough to 
prevent cracking of the gas in the burner. 

(c) An air register capable of producing an air-inlet pattern 
to meet the same conditions as obtained for the gas pattern. 
This register should be controllable over the entire range of from 
zero to maximum air flow and should be designed to maintain 
the maximum velocity of mixing at minimum-turndown opera- 
tion. Rotational velocity should be controllable at constant 
air quantity. 

(d) The relative arrangement of gas and air patterns should 
be such as to provide maximum velocity of mixing in minimum 
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time. During actual combustion, provision should be made for 
rapid expansion of heated gases. During mixing, combustion 
should be at a minimum, and after combustion the velocity of 
the gases toward the furnace center should likewise be at a mini- 
mum. In the combustion zone proper there should be maxi- 
mum turbulence to insure proper hot-gas distribution in the 
furnace. 

(e) Materials of construction employed in the manufacture of 
the burner should be capable of withstanding heat radiated from 
the furnace with no air or gas flow through the burner and with- 
out any form of special protection for any part of the burner. 

A burner designed to burn oil should also possess the following 
characteristics: 

(a) The oil-atomizing gun should be adjustable in position so 
as to utilize the air pattern to the fullest advantage. 

(b) The oil-burner parts exposed to the fire should be capable 
of withstanding heat when the oil burner is not being used, with- 
out withdrawal of the gun. 

(c) Operation of the oil burner should not interfere in any 
way with operation of the gas burner. The oil gun should be 
placed so that any oil dripping from it will not accumulate and 
carbonize on the gas ports. 

(d) Both gas and oil fuels should be available for instant and 
simultaneous use in burners designed to burn both fuels. 

(e) It is desirable that either the gas spuds or rings or the oil 
gun be removable from the burner without interference with 
burner operation on the other fuel. 

Combination gas-and-oil burners, as offered by various manu- 
facturers may be.divided into four basic types: premix, semi- 
premix, throat-mix, and furnace-mix. 

Only the throat-mix type of burner will be considered in this 
paper as it probably is the type most commonly used. See Fig. 7. 

In this type of burner, fuel and air are introduced in a throat 
of metal or tile just prior to release into the furnace. All mixing 
of air and fuel is intended to be completed in or adjacent to the 
throat. These burners can be made in all practical sizes and are 
not subject to the hazard of backfiring as are the premix or semi- 
premix types of burners. Ignition takes place in or near the 
throat area and is sometimes assisted by surface effects of the 
throat surface. This type of burner offers a good combination 
of those desirable qualities which should be incorporated in a 
burner for oil-heating service. The best combustion-engineering 
knowledge in the detail design is necessary, however, as the mere 
use of this principle will not, of itself, be productive of the de- 
sired results. 

The dual adjustable air register is peculiarly suited to the cen- 
ter-fired gun type burner. This register permits adjustment of 
the general position of the vanes, with respect to the fuel-gun 
location, without interference in any way with the adjustment of 
the vanes themselves. It possesses the following advantages: 

(a) The register itself may be adjusted close to the fuel-gun 
tip, in order to obtain maximum efficiency of the directing air 
vanes, 

(6) The multiple-vane register gives a maximum rotational 
velocity to the air during the mixing period, thus giving maximum 
flexibility of operation. 

(c) With forced draft, vanes may be adjusted to give varying 
degrees of rotational velocity, for any given quantity of air, thus 
increasing flexibility. 

(d) Vane position, with respect to fuel-gun position and type 
of fuel, may always be maintained at the optimum relative loca- 
tion, which permits the burner to operate over a wide range of 
capacity and fuel values. 

In order to obtain the fullest advantage of the burner char- 
acteristics, it is essential that the burners be mounted in the 
heating furnace with proper regard for clearances from heating 
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surfaces. In this connection, the following provisions are usually 
incorporated in each case: 

(a) Minimum center-line distances from floor tubes, side- 
wall tubes, walls, roof tubes, and bridge walls are set and rigidly 
adhered to for each type and size of burner. 

(b) Direction of rotation of the air for all burners in one side 
wall is similar and always arranged so that the movement of air 
at the top of the burner is away from the bridge wall or furnace 
gas exit. Thus burners on opposite walls have opposite-hand 
rotation when viewed from front of the burner. 
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(c) Burners on opposite walls firing toward each other are 
staggered horizontally and occasionally are staggered vertically 
if the arrangement requires it. 

It is essential to obtain an accurate and symmetrical com- 
bustion pattern, as slight variation in manufacture or drilling 
of the burner tip will cause objectionable tongues of flame or hot 
gases which may impinge on adjacent tube surfaces. 

In all burner operations the importance of the general prin- 
ciple of operation with controlled and usually minimum excess 
air under all conditions cannot be overemphasized. Use of ex- 
cessive air to obtain proper combustion starts a vicious cycle 
which causes trouble throughout the furnace. It is believed that 
it is practical and desirable to operate suitably designed oil- 
heating furnaces in the range of from 10 to 15 per cent excess 
air based on actual weighted averages of flue-gas samples taken 
during a proper furnace traverse. 

4 Forced and Natural Draft. Control of draft is essential 
for good combustion conditions because draft variations and un- 
suitable furnace pressures may cause adverse flame or distribu- 
tion characteristics. The draft at the furnace flue-gas exit 
should be steady and be maintained at the minimum possible 
negative pressure at the highest point in the furnace. Furnaces 
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equipped with forced draft may be operated at or just below at- 
mospheric pressure at this point, for all capacities and excess air 
conditions, because the burners are not dependent on the furnace 
negative pressure for induction of air supply. Under these con- 
ditions the infiltration of air into the setting will be a minimum. 
This will permit proper circulation of the hot gases to all parts 
of the heating surface and particularly to the ends of furnace tubes 
where the maximum air leakage would normally occur under 
higher-draft conditions. In addition, the furnace will operate at 
maximum efficiency, burning the least fuel for any given set of 
conditions and thus reducing to a minimum the velocity of flue 
gases from the burners, in the central portion of the setting. 

Under natural-draft conditions it may be necessary to carry 
slightly lower pressures in the furnace so as to induce the proper 
air supply through the burners. It is still advantageous to 
carry the minimum negative draft, as leakage of air through tube 
sheets also causes some tube cooling, and the infiltration of air 
forces the hot gases to the center of the furnace thus materially 
raising the temperatures at that point. This minimum draft 
can be obtained best through the use of a controller. 

Draft may be controlled automatically by power-cylinder 
operation of the flue-gas-outlet damper to the stack. The usual 
method is to impress the furnace pressure on one side and at- 
mospheric pressure on the other side of a sensitive diaphragm. 
Movement of the diaphragm operates a pilot valve which in 
turn controls the power-cylinder action. The power cylinder 
may be operated by air, water, oil, or electricity. This equip- 
ment is simple and requires little maintenance when properly 
installed. 

When the controller is in operation, changes in wind, fuel, and 
excess-air conditions will not affect the furnace pressure which 
will readily be held within +0.01 in. H,O. Present furnaces are 
usually supplied with draft controls except where first cost of 
equipment is a paramount consideration. Since many types 
of controllers are available, ranging widely in price and value, 
the designer selects the control instrument with a view to supply- 
ing a type similar in ruggedness, flexibility, and materials to the 
general furnace design. 


MEcHANICAL DesiGN oF FURNACE 
(A) Furnace Tubes. 

Under the heading of the mechanical design of cracking fur- 
naces and their details, one of the main items to be considered is 
the tubes and tube surface. The trend in recent years has been 
toward the use of higher temperatures and, in many cases, of 
higher pressures. It is necessary therefore, that great care be 
given the choice of tube material and its thickness in order to 
eliminate the hazards of split tubes and destructive fires. For 
this reason tube-stress calculations are as necessary as a study of 
the properties of the tube materials. 

1 Tube-Stress Design. When certain operating conditions 
are given in terms of internal pressure, oil temperature, over-all 
heat-transfer rate, and inside-film coefficient, furnace tubes 
should be calculated to assure a predetermined length of service. 

In order that this may be properly done, the agencies operating 
to reduce the tube life must be known. Failure is usually the 
result of creep, the amount of which is dependent on the tem- 
perature, loading, and thickness of the tube. 

Overheating of the tube may be due to insufficient temperature 
control, to hot spots caused by improper burner location, to an 
uneven rate along the length and around the circumference of the 
tube, to coke deposits on the inside which raise the tube-wall 
temperature, and lastly, to fires originating at the joint between 
the tube and header or at the cleanout. 

Excessive pressures may be engendered by restriction of the 
tube area due to coke formation, and bending stresses may be 
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produced by unforeseen restraints or the sagging of tube supports. 
The agencies tending to reduce the wall section can be grouped 
under the headings of corrosion, oxidation, and erosion. 
Stresses in the tube wall are evaluated by formulas based on 
the derivations of R. W. Bailey (6): Shear stress at inner face of 
tube 


design pressure, lb per sq in. 


k = ratio of outside to inside diameter of tube 

bo = b+ QaD/4c 

Q = rate, Btu per sq ft of outside surface per hr 

D = outside diameter of tube, in. 

ce = thermal conductivity of tube metal, Btu per hr per sq ft 
per deg F per in. thickness 

a = metal constant dependent on creep properties 

b = slope of log shear stress plotted against log creep rate 


This derivation of the stresses in a cylinder subject to internal 
pressure and heat transfer takes creep into account, and uses the 
Guest theory (7) as a criterion for combining stresses. In a later 
article (8) Mr. Bailey extends his theory to include three-dimen- 
sional creep. This later development has not yet been adapted 
to the practical problem of tube design. 

In comparing the results of these formulas with stresses pro- 
ductive of definite amounts of creep obtained under test for 
various materials, it has been customary to use the stress causing 
1 per cent creep in 10,000 hr as a limiting stress for furnace tubes. 
However, the deviations in service from ideal design conditions 
are taken into consideration by the introduction of correction 
factors. Uncertainties in the determination of the oil tempera- 
ture due to process considerations are usually compensated for 
by the addition of a temperature safety allowance. Uneven heat 
transfer over the tube surface is taken into account by multi- 
plying the rates given for any furnace section by a heat-density 
factor determined from thermocouple readings obtained from 
furnaces in operation. In many cases in order to allow for 
choking of the flow caused by coke, the calculated operating pres- 
sures are increased by an amount which is set by the type of 
operation involved. The coke, of course, if some may be ex- 
pected, is also taken into account in calculating the tube-wall 
temperature from the design oil temperature. Since data on the 
conductivity of coke are difficult to obtain under the conditions 
which prevail on the inside of the tube, the coke allowance is 
often expressed as a function of the heat-transfer rate. 

Corrosion is taken care of by adding extra thickness to the wall 
as a corrosion allowance. In a properly operated furnace the 
role played by oxidation is normally of no great significance, and 
accordingly this factor is not taken into account. Accelerated 
erosion effects are often noticeable at the ends of the tubes. They 
can be minimized by streamlining the header, by upsetting the 
tubes, or by the use of corrosion-resistant liners or welded stubs. 

2 Materials. Tube materials used in cracking processes 
include carbon steel, carbon-'/, per cent molybdenum steel, 2 
per cent chrome-'/; per cent molybdenum steel and similar 
analyses, 4 to 6 per cent chrome-!/; per cent molybdenum steel, 
and occasionally, 18 per cent chrome-8 per cent nickel steel. At 
high operating pressures carbon steel tubes are limited to the 
lower temperature range of the furnace, and alloy materials are 
usually required above 900 F. Allowable stresses for carbon-'/: 
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per cent molybdenum steel, 2 per cent chrome-'/, per cent molyb- 
denum, and 4 to 6 per cent chrome-'/, per cent molybdenum 
steel are of the same order, and preference of one material over 
another should be based on corrosion resistance, which increases 
with the chrome content. 

Most high-temperature furnaces today are designed with vary- 
ing tube materials throughout the furnace. The cheaper mate- 
rials are used in zones of less drastic conditions, and the mate- 
rials are tapered gradually until the more expensive stronger 
tubes are used at the most vital points. High heat-transfer 
rates may result in high tube-metal temperatures so that again 
from this standpoint, it is necessary to avoid localized overheating 
in any section of tube surface. For control of furnace per- 
formance, including operation, the use of thermocouples to deter- 
mine tube-skin temperature is being advocated. Vital points in 
the furnace may be used as control points for tubes of the various 
materials installed. These temperatures should be closely 
watched in order to indicate rising tube-metal temperatures due 
to the probable coking of the oil in the tubes. This coking may 
be due to either too high a local heat density, or too high a crack 
per pass under the operating conditions obtaining. 


(B) Headers. 


Headers serve to connect tubes and to provide a means for 
cleaning them out. The primary requirement in a header is 
adequate mechanical strength combined with tightness of all 
joints. The flow should be carried through the header with the 
minimum pressure drop which will usually also give the minimum 
of corrosion, erosion, and cavitation. The cleanout device should 
be easily accessible and so designed that it can be opened and re- 
assembled in a minimum of time. The parts removed should 
not be too heavy or awkward to handle, but at the same time 
their construction should be sturdy. The joint seats should not 
be easily damaged, but if they are damaged, it should be possible 
to relap in the field at least the face of that part of the header 
which is permanently installed. The header may permit with- 
drawal of a bad tube without disturbing other tubes. Mini- 
mum tube centers are usually limited by the mechanical con- 
siderations of header design. 

It will not always be possible to combine all the desired fea- 
tures in one design. It may be worth while to use undersize 
openings necessitating the sacrifice of an additional tube when one 
tube fails, in the interest of obtaining a more positive closure and 
reducing the shutdown period for normal tube cleaning. The 
improvement in flow conditions offered by a streamlined bend 
may, in certain designs, be overbalanced by the disadvantage of 
having heavier parts to handle during cleanout. Likewise, im- 
proved flow may be bought at the expense of large center dis- 
tances often with a corresponding increase in furnace initial cost. 

Cast headers, as well as forged headers, are in extensive use in 
the industry, and their relative merits have often been under dis- 
cussion. There appears to be no doubt that the forging process 
itself is superior to the casting process and therefore, under severe 
conditions of temperature and pressure, the forged header is 
usually considered better. Of course, the forging has to be prop- 
erly worked to insure absence of ingotism. 

On the other hand, each new shape of casting requires the use 
of an individual technique suited to the particular pattern. The 
various provisions made to insure soundness tend to decrease the 
basic price advantage of castings over forgings. Cast headers 
made without the exercise of proper precautions are definitely 
unsatisfactory, and even where the work is closely controlled, it 
is to be expected that some flaws will be found. X-ray inspec- 
tions of occasional castings have shown numerous defects which 
cannot be detected by other available methods of inspection. 
Radiogra phic examination is possible only where the header is cut 
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into sections, and consequently is not commercially practicable. 
Claims of increased creep resistance of cast material compared 
to forged or rolled material have not been substantiated, and re- 
cent evidence has proved that forged or rolled steel is equal or 
superior to cast steel. Similar statements are often made regard- 
ing tensile properties; upon analysis it is found that with equiva- 
lent carbon, manganese, etc., there is little difference if the ma- 
terials compared have been subjected to same heat-tretment. 


(C) Brickwork. 


To perform its function as a reasonably tight combustion 
chamber the entire refractory furnace shell must be capable of 
withstanding disintegration or fusion, and must possess such 
thermal properties that a reasonable thickness will reduce the 
temperature at the outside face below the upper limit of the 
working range of commercially available insulations. 

Gas temperatures in the ordinary cracking furnace are moder- 
ate, being considerably lower than in modern boiler service. 
Furthermore, most refineries use oil or gas as fuel, both of which 
rarely have slagging or fluxing action on the brickwork. 

In recent years the length and width of combustion chambers 
have been extended to the limit of the tube lengths available and 
this increase in the extent of the walls creates a structural prob- 
lem which has taxed the ingenuity of the designer. 

Firebrick is an inelastic material lacking physical uniformity. 
Therefore, brickwork, which is inherently a loose-knit structure, 
is only capable of uniformly transmitting stresses and forces 
when in compression. At operating temperatures the physical 
properties of the firebrick itself and, to even a greater extent, of 
firebrick walls vary over wide limits. Expansion coefficients 
which are available from various sources can be used only in 
conjunction with suitable safety factors; and data on shrinkage, 
coefficients, bearing capacity, and softening temperatures are 
meager and often unreliable. The effect of temperature stresses 
is seldom considered and no doubt accounts for a part of the re- 
corded variations in the physical properties. 

Careful design and operation make it possible to secure en- 
tirely satisfactory service from suitably designed walls made of 
firebrick of ordinary quality. Ample provision must be made for 
vertical and horizontal expansion and for shrinkage. As the 
length of the wall increases, the importance of suitably spaced 
vertical expansion joints increases. As in any structure, the 
stability of the firebrick wall is proportional to its dimensional 
ratios. However, an additional item which must be considered 
is the factor of cyclic expansion and shrinkage. 

The problem of arriving at a suitable thickness of firebrick and 
the amount of insulation to be used for a furnace wall involves 
a consideration of the economies of the cost of the wall balanced 
against the heat loss. The firebrick thickness, as previously 
stated, must be sufficient to reduce the temperature at its outer 
face within the range of the insulation used. 

Firebrick walls in common use may be classified under three 
general headings, as follows: Self-supporting walls; self-support- 
ing walls stabilized to steelwork; and sectionally supported walls. 

Self-supporting walls may be defined as that type of construc- 
tion which secures its stability from the wall thickness alone. 
This design accentuates the inertia factor, resulting from alter- 
nate firing and shutting down, and the thickness required, par- 
ticularly in the lower courses, results in a high temperature dif- 
ferential, which tends to separate the hot inside brick from the 
cooler rows outside and often results in a complete loss of sta- 
bility. Expansion joints are only a partial remedy and of neces- 
sity weaken the wall by breaking the continuity of the bond. 
Since the brick and its bonding cement are unable to develop 
sufficient strength to maintain the continuity of the wall, numer- 
ous cracks result after a relatively few cycles. 
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To provide stability, the natural recourse is to tie the brick- 
work by some means to the steel framework. With the self- 
supporting feature of design occasional ties have been resorted 
to with some improvement. Development of this idea to a 
further degree leads to the desirability of providing each brick 
with a tie. This is uneconomical for a standard-size firebrick, 
and because of design complications, impractical for special- 
size large tile, due to the flexibility required by the tile to ac- 
commodate itself freely to both lateral and vertical movements. 

Sectionally supported walls are made of sectional panels, each 
supported and tied to the steelwork as an independent unit with 
vertical and horizontal expansion space provided between ad- 
jacent panels. The panel dimensions are relatively small so 
that the amount of expansion is correspondingly slight and is not 
cumulative. Superimposed loads are avoided since the weight 
of each panel is transposed directly to the steelwork. Openings 
may be readily incorporated in this design, affecting only the 
panel in which they are installed. In this way, all of the funda- 
mental deficiences of ceramic material and inherent structural 
weakness of self-supporting walls are taken care of, and main- 
tenance is reduced toaminimum. Further, this type of construc- 
tion lends itself readily to replacement of damaged tiles which can 
be changed in any panel without disturbing the adjacent panels. 
The thickness of sectionally supported walls can be the minimum 


Fig. 8 IntTeRIoR, SHOWING SUPPORTED WALL AND BURNERS 


required by thermal considerations, and the additional thickness 
required by self-supporting walls for stability and stress is 
eliminated. A survey of sectionally supported walls indicates 
that this form of construction has proved entirely satisfactory in 
service. Fig. 8 shows a typical supported wall such as is now 
used in cracking furnaces. 

Three types of sheathing or weatherproofing of furnace set- 
tings are commonly used: Red brick, transite, and sheet steel. 

Red-brick sheathing adds to the furnace bulk with a propor- 
tionate increase in the thermal inertia. Also due to the difference 
in temperature and expansion existing between the two mate- 
rials, an added complication occurs in bonding the red brick to 
the firebrick lining. Maintenance of an airtight setting with 
red brick is difficult and the added weight increases the founda- 
tion load. The over-all cost per square foot is much higher than 
with either transite or sheet-steel sheathing. 

Transite and steel sheathing may be considered together due 
to their similarity. Both result in practically an airtight casing 
and can be fabricated to a neat fit around openings and changes 
in contour. Either type of sheathing can easily be made in re- 
movable panels, which may be required especially on walls ad- 
jacent to the convection section. Removable sheathing and sec- 
tionally supported walls provide easy access to any section. 

Steel sheathing possesses the advantages of withstanding fires 
without cracking or disintegration and its flexibility under tem- 
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perature changes readily compensates for expansion differentials 
between the steelwork and setting. If properly protected by 
paint steel sheathing will normally outlast the useful life of the 
furnace. Fig. 9 shows a typical steel-sheathed furnace. 

The conventional type of flat suspended fire-tile arch has been 
found satisfactory for roofs. In some designs the tile are hung 
from a loosely suspended member, and in case of the failure of an 
individual tile, the unbalanced load results in a serious distor- 
tion. For that reason a type should be selected which is not 
severely affected by the failure of a single tile, since the merits of 
flexible suspension are more than lost by this deficiency. 


(D) Castings. 


The principal use of metallic members within a furnace is to 
support the furnace tubes at intermediate points and at the ends. 


Fie. 9 Typican Furnace SHow1nG STEEL SHEATHING 


In addition, the end supports are essentially a part of the furnace 
shell, and all of these castings must be resistant to the tempera- 
ture and gas exposure to which they are subjected. Generally 
these members are castings, although fabricated construction of 
rolled sheets and shapes is sometimes used for the end radiant 
wall and roof tube sheets. In such cases carbon steel is usually 
used and protected from the furnace gases by a tile facing. 
Where heat-resisting materials are required, castings receive the 
preference, due to the shapes involved and analyses required. 

It is apparent that gray cast iron has been used too extensively 
for furnace castings. It is subject to serious and continued 
growth, which seems to be related to the corrosion resulting from 
its limited resistance to oxidation. In coarse-grained iron this 
growth apparently occurs at temperatures no higher than 700 F. 
It would appear to be a wise precaution to limit the use of com- 
mercial gray iron to locations where the metal temperature will 
not greatly exceed this figure. 

Cast irons low in chrome and nickel have been developed and 
used for the intermediate range of heat-resisting castings. These 
may be made in the cupola, and the resulting castings are fairly 
reasonable in price and may be used for parts of the furnace 
which are not exposed to extreme temperatures. A great num- 
ber of these cast irons such as Meehanite B and HB are in use. 

For higher-temperature service austenitic-steel castings having 
a chrome content varying from approximately 22 to 28 per cent 
and a nickel content of approximately 12 per cent, have been 
found to be satisfactory. Alloy steels of this description have 
been used extensively for the past several years and have been 
found to give good service, where proper design stresses are used. 
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(E) Steelwork. 

While the steel framework for furnaces is entirely on the out- 
side of the refractory shell, it involves proper consideration as to 
fire hazard, particularly in the roof trusses where a failure of part 
of the arch may expose these members to the hot gases. At the 
same time, careful consideration must be given to connections 
between the framework, refractory shell, and other members to 
insure ample allowance for expansion due to differences in tem- 
perature. The tubes may be supported directly from the foun- 
dation, but it is generally desirable to carry as much of this 
weight as possible directly or indirectly from the steel structure. 

The importance of platforms is determined by the furnace 
service and, where frequent cleaning of all tubes is anticipated, a 
system of platforms at approximately 7 ft vertical spacing should 
be provided. A width of 48 in. is generally satisfactory with a 
standard design having a regulation toeboard, railing, and 
checkered-plate flooring. Access should be by means of stair- 
ways, with ladders on ends of platforms as a fire precaution. 

In general, a roof of No. 22 gage corrugated galvanized steel is 
suitable for most climatic conditions. It is preferable that the 
tube hangers and arch-tile supports be carried directly by the 
roof trusses, which, due to their depth, may be made with a small 
amount of deflection, using a minimum weight of steel. 


(F) Accessories. 


All heaters must be equipped with necessary accessories such 
as peepholes, explosion doors, access doors, and so on. For the 
proper control of burners and combustion, a sufficient number 
of large peepholes should be provided to give a clear view of all 
burner flames. Peepholes should also permit the visual inspec- 
tion of all tubes in the radiant section, as these tubes are the 
ones which are most likely to fail due to the more drastic con- 
ditions to which they are subjected. In the convection section 
where temperatures are milder, such peepholes are of little use. 
To facilitate maintenance work and repairs, access doors should 
be large enough for the passage of ladders and other equipment. 


OPERATION 
(A) Furnace Control. 


In order to place all the furnace functions under automatic 
control, the following would be necessary: (a) Control of fur- 
nace-charge flow; (b) automatic draft control; (c) transfer- 
line or tube-temperature fuel control to furnace; (d) control 
of fuel-air ratio. 

These functions are listed in the order of their relative im- 
portance, and, in the average case, automatic control should be 
applied to any furnace design in this order, as the economic 
status of the furnace and the complexity of operation demand. 

Control of fuel-air ratio is only applicable on forced-draft in- 
stallations and supplements the other automatic controls in 
maintaining a constant ratio between the fuel fired and the com- 
bustion air supplied, so as to maintain constancy of CO, condi- 
tions, regardless of any other variables in the furnace operation. 

In recent applications of controls for fuel-air ratio which have 
been made on oil-heating furnaces, the fuel fed to the furnaces is 
metered, and also the forced-draft air supplied to the furnace. 
These values, usually measured as differential pressures, are 
balanced by the ratio controller in any desired ratio, so as to pro- 
duce the required excess-air condition in the furnace. 

As the fuel feed is usually regulated by hand from the control 
room, or automatically from the transfer line or tube-tempera- 
ture controller, it is usually best to vary the forced-draft air sup- 
Plied to the burners to maintain the proper ratio by making the 
controller operate the inlet vanes of the forced-draft fan or, in 
Some cases, a discharge damper on the forced-draft fan. 

The principal advantage of such an installation is the main- 
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tenance of constant CO, content in the flue gases at a predeter- 
mined amount, to constantly produce desired furnace efficiency. 

The principal disadvantage of this type of equipment is the 
fact that the fuel gas supplied, particularly in a refinery, has 
often a fluctuating heating value. As it is extremely difficult 
and expensive to add a compensating feature to the controller of 
the fuel-air ratio, to compensate automatically for change in 
Btu value of the fuel, the controller will not, normally, take care 
of this variation. Thus the CO:, or excess air, even under fuel- 
air control, will fluctuate with the heating value of the fuel in an 
undesirable way. In view of this latter fact, it is felt that control 
of fuel-air ratio should only be applied to a furnace where it is 
essential to control all elements entering into furnace operation 
within narrow limits, and that, normally this would be un- 
necessary, and even in some cases, undesirable. It is felt that 
up to the present time the results secured from these instal- 
lations have not justified the expense involved, from purely 
commercial considerations. However, experimental data have 
been secured which have permitted the designer to judge the 
merits of this equipment as applied to oil-heating furnaces. 

Transfer-line temperature control, as discussed in this report, 
refers to any type of instrument so placed in any section of a 
furnace heating coil that it will completely and automatically 
control the temperature of the fluid within the coil at that point 
regardless of the temperature level of the charge entering the coil 
or of any fluctuations which may take place in the charging rate. 
The control feature of the mechanism acts upon the furnace 
fuel supply and hence the heat input to the coil becomes a vari- 
able. The controller actuates the individual master fuel-control 
valve for the coil being controlled. Temperature controllers are 
usually placed at the furnace outlet of a coil but where operating 
conditions or furnace design make that location impracticable, 
the instrument may be installed at any other point in the coil. 

In certain installations the operating characteristics of tem- 
perature controllers have left much to be desired when acting 
alone. However, a constant or nearly constant temperature of 
the charging stock to a furnace is usually obtainable, since the 
charge is normally supplied from towers which are themselves 
temperature-controlled. A flow controller acting alone will, 
under these conditions, be found to be superior to a temperature 
controller acting alone, both from an operating and economic 
standpoint, and a satisfactory flow controller may be obtained at 
a price considerably less than the ordinary temperature con- 
troller. Hence, it is recommended that, when feasible, the prob- 
lem be approached with the purpose of eliminating or lessening 
the effects of the variables of flow and temperature of the charg- 
ing stock, rather than counteracting the effect of these variables, 
by a change in the rate of heat input to the coil within the furnace. 
When not practical, or in large complicated units, the use of the 
automatic temperature controller is usually an excellent solution. 

A method of accurate measurement of tube-skin temperature 
which may be readily applied to the usual furnace tube either in 
the combustion space or at any other desired accessible point in 
the heating system has been developed recently. 

To emphasize the purposes for which tube-skin couples are in- 
stalled, they are given in the order of their importance, indicating: 
(a) Rising tube temperatures approaching unsafe operating con- 
ditions due to coke deposition; (b) tube conditions with refer- 
ence to anticipated time on stream; (c) heat distribution within 
the furnace, parallel and at right angles to the long axis of the 
furnace tubes. 

The couples may be used to prevent or anticipate splits and re- 
sultant damage due to furnace fires. In addition the fireman can 
use the readings to confirm proper burner adjustment. The 
superintendent will have available a progressive series of read- 
ings or recordings to indicate expected time on stream, and the 
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Fig. 11 PotymerizaTiIon Furnace WitH Raptant SeEc- 
TION AND EXTERNAL SOAKER 


maintenance superintendent can use the readings to indicate 
metal condition after exposure to excess temperatures. They 
are thus particularly valuable where austenitic tubes are used. 

Valid objections to the use of properly designed and constructed 
skin-type tube couples are few. Most operators are desirous of 
knowing as much as possible about what is taking place in their 
equipment. It is impossible for even an expert to tell from vis- 
ual operation of furnace tubes under abnormal or even normal 
firing conditions exactly what the actual tube conditions are in 
regard to skin temperature. A change in fuel may create optical 
illusions tending to make all of the heating surface appear to be 
at the same temperature under certain conditions. It is also 
possible for reflections within the furnace to cause the tubes to 
appear red-hot when actually they are not overheated. The 
only accurate method of obtaining skin temperatures is through 
the use of the tube-skin thermocouples. 


SUMMARY 


In summarizing, it might be pointed out that the trend is 
toward furnaces with higher rates of radiant-heat transfer, and 
higher oil velocities through the tubes. New designs are in- 
corporating the principle of subjecting oil to high initial-heat 
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Fig. 12. PoLyMEeRIZATION Furnace WITH SINGLE 
TION, EXTERNAL SOAKER, AND SELF-SUPPORTING STACK ON Top 


rates, and progressively decreasing these rates as the oil is cracked. 
Various methods are being used to accomplish this result, one of 
the most important being the use of separately fired radiant 
soaking sections. The importance of definite control of the oil- 
heating curve as a means of eliminating coking in the heater, and 
obtaining the products desired is being realized more and more. 

Proper thought must be given to burners and combustion in 
detail, in order to obtain the desired furnace efficiency, heat dis- 
tribution, and proper processing, as well as to eliminate all pos- 
sibility of tube impingement and consequent tube rupture. 

Materials should be used which will guarantee the life of the 
structure without maintenance for a longer period than formerly. 
Increased knowledge of metal properties and creep stress has 
made for safer tube and header design, both of which are neces- 
sary as higher oil temperatures and pressures are utilized. 

The increased use of a method of tube cleaning which elimi- 
nates the slow old-fashioned method using tube cleaners, will 
probably lead to markedly different types of furnace design. 
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Pulverized-Coal Furnace 


By W. J. WOHLENBERG! anv D. 


In this analysis the coal particle while burning is dis- 
tinguished from the resulting ash particle and the con- 
cept of radiant-mean positions of burning and of ash par- 
ticles is introduced. This makes it possible to differen- 
tiate between the radiant-mean temperatures of burning 
particles, ash particles, gases, refractory walls, and cold 
walls. The direct transfer of energy between each class of 
particles and the gases also is introduced into the equa- 
tions of condition. It is found that this process is of 
primary importance in the energy distribution. In fact, 
it may be thought of as a powerful binding property which 
holds the energy distribution in the configuration which it 
assumes. It provides among other things for a small 
difference between the values of radiant-mean tempera- 
ture of ash particles and gases. Hence for any reasonable 
length of gas travel in the cavity the ash-particle tempera- 
ture is substantially that of the gases except for regions 
close to cold surface. In view of the importance of ash 
fusion in actual operation of furnaces this disclosure is of 
considerable practical significance. 

With respect to the radiation absorption at walls of the 
cavity, it is found that burning particles are the least 
important of the three radiators—burning particles, ash 
particles, and gases. The burning particles are primarily 


N THE year 1931 Rosin and Fehling (1)* published a paper 
| containing information relative to the temperature distribu- 
tion throughout the flame in a pulverized-coal cavity. Re- 
cently Ledinegg (2) along somewhat similar lines, has extended 
the method so as to include both oil and pulverized-coal firing in 
a system of calculation on the basis of which temperature distribu- 
tions are the results. Each of these methods represents an 
advance in the attack on this problem but neither adds materially 
to our knowledge concerning certain important aspects of the 
physical nature of the processes which actually occur within the 
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a source for releasing energy and most of this is transferred 
directly to the gases by thermal conduction. Thus it is 
seen that the gases serve momentarily as a great sump or 
reservoir into which most of the released energy is dumped. 
A part of this large fraction of the total released energy is 
subsequently redistributed by radiation and thermal con- 
duction. 

The foregoing information results from a solution of the 
equilibrium conditions for a steady state in a given cav- 
ity. On the basis of information furnished in this way it 
becomes possible to approximate the distribution of energy 
absorption as heat over the cold walls of the cavity. The 
results for a given case are included in the paper. In a 
qualitative sense these results contain implications of 
rather general significance. 

Finally it may be noted that on the basis of information 
furnished in the equilibrium solution it is possible to 
approximate the gradient along the flame axis of a single 
radiant-mean temperature as representing the tempera- 
ture condition of the contents of the cavity. Such a 
gradient has, however, little practical significance except 
in its lower reaches. Nevertheless a method of arriving at 
it together with a more detailed discussion is included in 
Appendix 6. 


cavity. This is due, first to a failure to distinguish between parts 
of the system which should be treated separately, and secondly 
to the complete omission from specific consideration of one proc- 
ess which is of primary importance in the energy distribution. 

The last statement refers to the part which thermal conduction 
between particles and gases plays, and the first, to the relative 
importance of burning particles as distinguished from ash par- 
ticles. The authors are not aware that these factors have been 
considered separately in any published method which is directly 
applicable for evaluation of the energy distribution in the pul- 
verized-fuel furnace cavity. Generally they are lumped in the 
assumption that the contents of the cavity may be considered as 
at a single radiant-mean temperature (8, 9). This would be 
exactly in accord with the facts if the thermal conductivity of the 
gases were infinite except for a layer near the walls of the cavity. 
It will be shown later that this assumption is better than that on 
the basis of which only radiation takes part in the energy distribu- 
tion. 

Thus it is seen that the answers to such questions as these are 
important not only for a proper understanding of the physical 
nature of the process but also because they have a direct bearing 
on certain other questions which arise in the practical design and 
operation of furnaces. Paradoxically, it becomes impossible to 
distinguish by available experimental technic between some of 
these factors, and so their relative magnitudes are ascertainable 
only by means of analysis, even though their practical effects 
may be large. Thus it may be shown that preceding analytical 
interpretations of conditions within the cloud, on the basis of 
which the variations of its total emissivity along the path are 
computed, may be in considerable error. This will become evi- 
dent later in the discussion. 

Another important effect of the energy distribution is the varia- 
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tion in rate of energy absorption as heat over the cold walls of 
the furnace cavity. Also this effect is not readily ascertainable 
by means of any methods of computation proposed to date. 
Under certain conditions it is susceptible to experimental veri- 
fication but usually only at great expense. 

In view of preceding statements it is plain that the only reason- 
able approach to the problems in mind, is through analysis. 
As a result of a long and thorough study of the factors involved, 
with reference to the practical significance of the results obtained, 
the temperature distribution within the cavity is now stated in 
terms of the radiant-mean-temperature values of: 


The burning-particle surface, i.e., the flame 
The ash-particle surface 

The gas 

The refractory 

The cold surface. 


The cold-surface temperature is assumed as a known constant. 
Its value is, of course, determined by the temperature of the cir- 
culating medium (water or steam) which absorbs heat from the 
cold surface at a sufficiently high rate to keep its temperature 
practically at that of the medium. Thus there are four unknown 
temperatures for a given steady state, and so four independent 
equations of condition must be set up. There is no difficulty 
about this, as each equation results from an application of the 
principle of conservation of energy in expressing the equilibrium 
which exists at each of four stations when the state of firing is 
steady. Differences in values, which result in the first three of 
these temperatures for a particular case, indicate that a true pic- 
ture of the process requires this distinction in temperature values 
if the results are to represent the effect of the temperature condi- 
tions within reasonable limits of error. This is particularly true 
when investigating the distribution of heat absorption over the 
cold walls. 

Although this paper deals primarily with the method of analy- 
sis, parts IV and V contain some results of considerable practical 
significance. Those interested in results only may thus refer 
directly to these sections, but it should be noted in this respect 
that some features of the method and its application disclose 
information of a practical nature. It is planned to present results 
of a more comprehensive nature at a later time. Remaining 
parts of the main text of the paper include: 


I Statement of equations of condition in general forms 
II Argument on the basis of which certain concepts and rules 
of procedure are justifiable 
Detailed definition of terms appearing in the equations of 
condition 
IV The equilibrium solution for a particular case with results 
V_ Method of arriving at the distribution of energy absorption 
as heat over the cold walls of the cavity, with results, and 
final conclusion. 


Ill 


PARTI 


Equations of Condition. The basis of reference as to fuel quan- 
tity is in all cases one pound as initially fired. The intensity of 
energy processes involved is introduced on the basis of their time- 
mean values taken over the interval from ¢ = zero at entrance to 
the cavity, to t = the time ¢, at which gas and particles escape 
from the cavity. 

If combustion is complete before the particles arrive at ¢, in 
time, then the time-mean rate of an energy process depending for 
its existence on combustion, is of course greater when referred to 
the time period ¢; of combustion than it is when referred to time 
interval t,. But some of the time-mean rates, as for example, 
that for radiation between gases and walls of the cavity, involve 
the total interval ¢,. Terms representing these appear in the 
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same equations with the former and so the latter basis of reference 
(o-j) 


for time is chosen as the standard forall. If R is the time-mean 


(o—3) 
rate on the basis of interval t; and R that of the same process for 
interval ¢,, then 


where q is the quantity of the energy process per pound of fuel as 
fired. Thus any rate computed on the basis of t; may readily be 
translated into its equivalent on the time base ¢,. 

Convection between gases and walls of the cavity, and thermal 
conduction through the refractory walls take some part in the 
energy distribution. The first of these usually influences but a 
relatively thin boundary layer, and for reasonably thick refractory 
walls the second has a still smaller effect. Omission of these factors 
permits elimination of the refractory temperature between pairs 
of equations of condition when in their reduced forms and thus 
simplifies the final steps in the solution. The magnitude of such 
omitted effects may still be approximated, it desired, by super- 
imposing on the equilibrium data, found in parts IV and V, the 
simple relations which represent them. 

The first equation of condition applies to the process as a whole. 
Let q: represent the part of the energy, per pound of fuel as fired, 
released in reaction which is free to be transferred from the con- 
tents of the cavity to its walls. Then in view of Equation [1] 
and with preceding definitions and assumptions in mind 


(Qui Ror + Roe + Ru + + + R;,.)- [2] 


where qu. = energy released in reaction per pound of fuel as fired, 
and 
h;, = increase in enthalpy from initial condition 7 to final 
condition z of the mixture passing through the 
cavity. The mixture weight involved in h,, is 
that per pound of fuel as fired. 


The terms R,,, Rye: Rue - - » - represent time-mean rates, over the 
interval ¢,, of radiation between stations indicated by the sub- 
scripts. They also are referred to one pound of fuel as fired. 
Subscripts g, r, c, u, and j indicate, respectively, gas, refractory 
and cold walls, and burning- and ash-particle surfaces. 

The second equation of condition represents the equilibrium 
at the surface of burning particles. Thus 


= — = + Rue + Raj + Re, + L,,)-- (3) 


Here gu: is the energy released per pound ot fuel when at tempera- 
ture 7',, and h,, represents the increase in enthalpy of one pound 
of particle substance during the process iu in which its tempera- 
ture is raised from 7; to T,. Hence q is the part of the energy 
released in chemical reaction which is free for distribution outside 
the particle. The term L,, on the right represents the time-mean 
rate of thermal conduction, for the interval t,, between burning- 
particle surface and adjacent gases. 

The third equation of condition represents the equilibrium at 
the ash-particle surface. When it first appears, the ash particle 
is at temperature 7’, and in cooling to 7; it gives up enthalpy 


Hence 
hy; + + Rie + Rye + Rig + Lie) 


The fourth equation applies to the refractory-wall surface. 
Thus 


| 


Ree + Rue + Rie + Ror = 0 
if thermal conduction through the wall and convection at its 
surface are considered as negligible effects. 
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These equations are sufficient for a solution but another equa- 
tion is available. This expresses the equilibrium of the gas. 
Thus 


hig — t,(Lug + Ruy + Ry + Reg + Rig + ces [6a] 


The right-hand side of this equation represents all of the energy 
added to the constituents in the gas after they are in the gaseous 
state. The left-hand side must therefore represent the same 
thing. That it does becomes obvious from the following 


The first term on the right represents the increase in enthalpy 
of the gases from all sources. The particle itself in heating up 
absorbs enthalpy h,,. Of this there is a residual h;; which re- 
mains with the ash particle, and the remainder, i.e. (h;, — h,;), 
becomes a part of h;, for such part of the particle substance as is 
transformed into gas during the reaction. The right-hand side 
of Equation [6a] contains no terms which contribute to the differ- 
ence (hj, —- h,;), therefore it must be subtracted from h,, with 
the result shown in [6b]. These five equations include but four 
sets of independent data, with 7’, known, and so, with only four 
unknowns, the fifth equation is completely determined on the 
basis of the first four if all details are correctly defined. Further- 
more, letting 7' represent the radiant-mean absolute temperature, 
the difference (7; — T',) is later found to be so small that, except 
for this difference term itself, T; may be assumed equal to 7’. 
On the basis of these considerations the method of solution found 
in Appendix 2 has been adopted. The procedure there outlined 
provides for such a powerful convergence toward correct values of 
temperatures from their trial values that in most cases a single 
trial will suffice. 

A convention as to order of subscripts has been implied in stat- 
ing the terms of the preceding equations. Thus in all cases re- 
versal of order of subscripts changes the sign from say plus to 
minus and vice versa. It is noted that the order is such that the 
first subscript implies “from’’ and the second “to.”” Thus Equa- 
tion [5] states that the net flow of energy ‘“‘from”’ all parts of the 
cavity “to” the refractory must be zero for a steady state. 


PART II 


Particle-Surface-Extent Factor. On the basis of an investiga- 
tion of the probability distribution of shapes in a sample trapped 
between two successive screens in a screen stack, it appears that 
the surface of the sample may be closely approximated by con- 
sidering the particles as spheres, the diameters of which are equal 
to or slightly less than the mesh size of the last screen in the stack 
through which the particles passed, on their way to that over 
which they were trapped. The less the difference in mesh size 
of the two screens which form the trap, the closer the computed 
result is to the actual surface of the sample. 

This rule applies for evaluating the surface extent per pound of 
fuel in the initial sample; that is, for the initial instant of time. 
Subsequent surface-extent factors per pound of fuel as fired, for 
any time after the initial instant, may then be closely approxi- 
mated on the basis of the reduced equivalent spherical particles, 
the size of which is based on an application of the combustion 
formula for particles. 

The rule is, of course, in substantial agreement with past pro- 
cedure, but analysis of the initial sample for probability distribu- 
tion of shapes, makes it more apparent than heretofore just why 
the results should be as close to the truth as they now appear 
to be. The rule assumes, of course, that the coal substance is 
nonselective as to arrangement of fracture faces, cleavage along 
which determines the shape of a particle. 

In applying the rule, the initial sample is considered as divided 
into a number of equal-weight groups. The mean initial radius 
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p; of particles in each group is determined on the basis of data 
furnished from the curve of size-weight distribution which resulted 
from a screen test. A representative particle for each group may 
then be followed through the combustion process by means of 
the combustion formula for particles. See Fig. 3 and Appendix 
4. By considering the size and number of particles in each group 
for each of several instants of time beginning with the initial 
instant and terminating with the particle reduced to an ash 
sphere, curves can be plotted relating surface factor per pound of 
fuel as fired, to time. See Fig. 4. 

On the basis of this information the time-mean surfaces a,, 
a;, and a, per pound of fuel as fired, respectively, for burning, ash, 
and all particles can be obtained. Thus at a given furnace cross 
section some particles are of class u and others are of class j. 
The sum of particles of both classes u and j is equal to the number 
of particles in class p. The interval of time over which the mean 
is taken is ¢, in each case. These time-mean surfaces are each 
considered as stationary in a certain type of radiant-mean posi- 
tion, for the purpose of making radiation calculations. The local 
energy processes are computed as before, because the proper 
mean local conditions may be considered as associated with the 
time-mean particle surface wherever this is considered as station- 
ary for other purposes. 

The Radiant-Mean Positions. These are developed with refer- 


Time 


BuRNING-PARTICLE SURFACE 


Fie. 1 


ence to the radiant-exchange rate between each class of particles 
and walls of the cavity. The positions so found are then con- 
sidered as applicable for evaluating the radiant-exchange rates 
between each class of particles and its surroundings. 

Consider that the surface a, of burning particles per pound of 
fuel as fired varies with time ¢ as indicated in Fig. 1. Fora steady 
state each value of ¢ is associated with a definite position of the 
particle in the cavity. Let F,,. represent the fractional part of the 
emission from a, which is so directed that it would be intercepted 
by cold walls of the cavity if uninterrupted on the way. F,, 
represents the same thing with respect to radiation between 
a, and the refractory walls. Then for any location of a, within 
the cavity 


Values of these factors depend only on the geometrical properties 
of the system. They are known as angle or interchange factors 
in the literature (3). Their values for a given case are determined 
by application of Lambert’s cosine law of radiation to the ge- 
ometry of the system. 

The energy absorbed by the cold walls of the cavity in time dt 
from radiant discharge at a, is 


[8] 


Here n,- represents the mean transmissivity of the cloud for 
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radiation between a, and cold walls, when a, is in the position 
associated with the instant of time ¢ under consideration. Fora 
steady state 7’, is steady, 7’, isa constant, and the radiation coef- 
ficient ¢ may be assumed as a constant. It follows that over 
the interval of time ¢ = 0 to ¢ = ¢, the integral of expression [8] 
may, after dividing through by ¢,, be represented as 


te 
1 
z 0 


Let »,, and F,. represent the values of 7, and F,, as measured 
from the time-mean value a, of a, when a, is considered in its 
radiant-mean position. Then by definition 


On the basis of the right-hand sides of Equations [9] and [10], 


te 
Nucl uf dt 
a 0 


te tz 
0 0 


Considering this as an equality, Equation [12] reduces to 


Replacing subscript ¢ with subscript r in the development lead- 
ing to Equation [14a] yields 


In view of Equation [7], F,, in Equation [14b] may be re- 
placed by (1 — F,,), from which follows 


= 


Therefore the radiant-mean position as determined from either 
of Equations [14] will be the same position. This is of course as 
it should be. 

For later convenience it is now noted that 


Multiplying both numerator and denominator on the right of 
Equation [14a] by 1/t,, it is seen that 


This is the form of expression employed later when evaluating F 
for a particular case. The form is perfectly general with respect 
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to any one of the three classes of particles under consideration. 
The following may be noted also for convenience in calcula- 
tions 


+ a,F 

+ | 
a, = a, + 4; 

PART III 


The Radiation Terms of the Equations of Condition. It is as- 
sumed that involved surfaces including those of particles are 
each very nearly black surfaces. Then the radiation coefficient 
o may be assumed as a constant having the same value for all 
surfaces. The transmissivity of the contents of the cavity is 
designated as before by ». The absorptivity, or emissivity as 
the case may be, of gases alone but with particles present is « 
The absorptivity of particles alone is f, and that of gases without 
particles is G. 

The fraction of emission in one direction from the burning 
particles u which is absorbed by the ash particles j is designated 
by Then 


(1 — G,;) Tei 
Mie = Gio —fio(Gie = 
m: = (1 — fir) (i= Giz) 


In the first equation f,, is the interference fraction of ash particles 
for radiation from burning particles in a clear atmosphere. Then 
G,,; is the fractional part by which this is reduced because of the 
presence of the radiating gaseous constituents between the two 
groups ot particles. 

The first und second subscripts on « and » denote, respectively, 
source and receiver. The gas g extends in all cases from source 
1 to the walls. Therefore Gi, and fi, are always evaluated with 
respect to the complete ultimate boundary of the envelope. 
The term fio(Gig — Gip) is the amount by which yj, is reduced be- 
low G,, because a part of the gas falls in shadows cast by particles 
as seen from source 1. Here Gp is the absorption coefficient for 
the gas column in front of the particles and so (Giz — G,») is that 
of the gas column behind the particles. The fractional part of 
the total radiation from source 1 which is affected in this way is 

The transmissivity 7 ot the contents of the cavity for radiation 
between any source 1 and any boundary 2 is of course the product 
of the transmissivities (1 — fi,) and (1 — Gy) with respect to 
particles and gases, respectively. 

Each of these coefficient values is referred to black radiation 
asa standard. Hence radiation rates may be stated in terms of 
the Stefan-Boltzmann equation with these coefficients introduced 
as multiplying factors. The method of their evaluation is out- 
lined in Appendix 1. 

Radiant-exchange rates between the refractory and cold walls, 
between gases and refractory, and gases and cold walls are referred 
to | lb of fuel as fired, by introducing the wall-area factors on this 
basis. If W represents the fuel weight entering the cavity per 
unit of time, then for interval t, required to traverse the cavity, 
Wt, pounds enter. This product represents the weight of fuel 
referred to entrance conditions which is taking part in the total 
radiation at any instant of time. Hence if A,and A, represent, 
respectively, the total refractory area and the total cold-wall 
area, the corresponding areas a, and a, per pound of entering 
fuel are 
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Then 


>! 


For the sake of convenience it is noted that 


a,F,. = 0.F 


The bar over coefficients » and » indicates the mean value of the 
coefficient for radiation between stations indicated by the sub- 
scripts. For a steady state each of the above rates is of course 
steady and is thus a time-mean rate for the process. 

In terms of preceding conventions as to notation the radiant- 
exchange rates between burning-particle surface a, and surround- 
ings are represented as follows 


Rug = — T,') 

Ry; = — | 
In the last of Equations {21] the angle factor is included as f,, 


in ¢,; and factor 1/4 is introduced because, on the basis of defi- 
nitions. 


Ry; = GE 


[22] 


where ay is the time-mean cross-sectional area of burning particles 
and a, = a,/4. The angle factor F,, for the third equation has 
the value unity because particles are completely immersed in 
gas. Hence gas is seen throughout F,, = 1.00 from any point 
on the surface of particles. If the subscript u is replaced by sub- 
script j and vice versa in Equations [21] then they apply for 
radiation between ash particles and surroundings. In general 
reversal of subscripts on a rate R merely reverses the point of 
view. Hence when applied to R,,; there results the relation 


It follows that 

= 
which means that with G,; = G;, (see Equation [18}) 

[24] 


The difference in the two values of f results because the concentra- 
tion of a given class of particles varies along the path as burning 
particles are transformed into ash particles. It may be shown 
that the number of burning particles seen by an observer looking 
from radiant-mean position u toward j is a negligible fraction of 
the total number visible. Therefore in computing f,; it may be 
assumed that all visible particles are ash particles. If, however, 
the observer glances back from j through wu he will see a mixture 
containing both ash and fuel particles. But in computing f;, only 
the latter are involved. In view of Equation [23] it becomes 
unnecessary to evaluate this factor, but, it may be easily ac- 
complished if desired, by applying Equation [24] after f,, has 
heen evaluated. 
For convenience it is noted also that 


pu 
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Thermal-Conduction Terms of the Equations of Condition. Let 
|. tepresent the area-mean value at instant of time ¢ of the specific 
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rate of thermal conduction between burning-particle surface and 
adjacent gases. Then 


Here a,, is the surface of burning particles at instant of time ¢ per 
pound of fuel as fired. If the subscript u is replaced by subscript 
j Equation [26] represents [;,. Then on the basis of the pro- 
cedure outlined in Appendix 3 it is found, for a fuel which is 
carbon with 10 per cent ash, pulverized so that 70 per cent passes 
through a 200-mesh screen, and burned with 20 per cent excess 
air, that 


= 1400 ( [28] 


As before noted, and as later found, the difference (7; — T,) is 
small compared to 7,. Therefore 7; may .be assumed equal to 
T,, for all terms in Equation [28] except (7, — T,) with the re- 


sult 
| T; T, T, ) 
745 T, re 225 [29] 


& 


Although developed with reference to carbon as a fuel, Equations 
[27] to [29] should yield a fairly good estimate of thermal-conduc- 
tion time-mean rates also when the fuel is coal unless there is ex- 
cessive swelling of the particle; then the results would be in error 
on the low side. 

PART IV 


Application to a Particular Case. The fuel considered is vola- 
tile free carbon with 10 per cent ash, pulverized so that 70 per 
cent passes through a 200-mesh screen. The air supply is 120 
per cent of the theoretical and the total fuel and air is considered 
as fired through the head end of the cavity. The firing rate is to 
be such that the energy-release rate per cubic foot of furnace 
volume, averages 15,000 Btu per hr. 

The cavity is single flow with the head end refractory and all 
other walls cold as illustrated in Fig. 2. All points in a plane sec- 


- 


-Norma/ Plane Section 


Head End Refractory” (x) Proportiona/ 
Other Walls Cold to Time (t) 
Fie. 2 Furnace Cavity 


tion normal to the direction of flow are considered as at the same 
instant of time t. The gas temperature is considered constant 
at 7’, and so for the cavity shown the velocity of the normal- 
plane section is a constant. Particles travel with the gas and so 
they travel with the normal-plane section. The displacement 
of this section and hence ot the particles and gas molecules which 
are cut by it, is proportional to the time interval ¢ which has 
elapsed since the particles entered the cavity. 

The radiant-mean positions of the three classes of particles will 
be three such normal-plane sections, one for each kind of particle. 
Hence establishment of their radiant-mean locations involves 
for each possible position of the section, the value of the product 
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Fig. 3 ComBusTIon CHART 


aF. This becomes evident on reference to formulas [16] and 
[17a]. Here a is the particle-surface area per pound of fuel as 
fired and F the angle-factor value subtended by the normal sec- 
tion from either cold or refractory surface. 

Fig. 3 results from an application of the Parker-Hottel formula 
represented in Appendix 4. This has been so arranged that the 
product t X 7,°-5° = ¢ is plotted as an abscissa against radius 
p of particles as an ordinate. The five curves shown apply to 
representative particles for each of the five equal-weight groups 
into which the sample was divided for the purpose of analysis. 
Use of ¢ for the abscissa scale generalizes the chart in so far as 
values of 7, are concerned. 

In order to establish the relation between the z-scale (distance 
along the furnace axis in feet) and the ¢-scale it is noted that 


where v is the gas velocity. On application of the perfect-gas 
law 


where 
M = gas flowing through cavity, lb per sec 
B = gas constant 
P = pressure, lb per sq ft 
A = cross-sectional area of cavity, sq ft 


Hence for a steady state with gas temperature considered as 
constant at 7, and burning-particle temperature as constant at 
T. 


The correspondence between the scales x and ¢ in Fig. 3 is for 
T, = 3500 F abs and T, = 3000 F abs when the firing state is 
steady at conditions before outlined. On this basis x = 0.202 ¢ 
and the exit of the cavity (x = 40 ft) falls at » = ¢, = 198. 
This applies also to Figs. 4, 6, 7, 10, and 12 to be discussed later. 

Abscissa differences between solid and dotted curves of Fig. 3, 
for the coarsest 20 per cent indicate the influence of oxygen de- 
pletion for the slower-burning coarse group because of diffusion 
of oxygen from them toward the more rapidly burning finer 
groups. This effect has been discussed also by Hottel but his 
discussion has not yet been published. The effect is a result of 
the physical nature of the process and any combustion formula, 
to be correct, must show this if properly applied. A curve, not 
shown in Fig. 3, for a particle representing the coarsest 5 per 
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cent of the sample and taking into account the oxygen-depleting 
effect, yields the information that the fraction remaining un- 
burned at the end of the cavity where g¢ = ¢, = 198 cannot be 
greater than 0.2 per cent. 

In arriving at the curves, particles were assumed to begin burn- 
ing the instant they entered the cavity. This assumption was 
made for the following reasons: Analysis shows that with proper 
provisions it requires but a negligible interval of time to bring the 
particle groups, exposing say 90 per cent of the total surface, up 
to the ignition point. Secondly, this assumption provides for 
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maximum net discharge of energy by radiation. This, as will 
become evident later, is important in connection with the present 
analysis of the problem. 

If N; represents the number of equal-weight groups of the in- 
itial sample and 6 the density, of coal or ash, then the value of area 
factor a, per pound of coal as fired is 


1.0 


a, = (1/p + 


where pu, pu2... are theradii of as 
instant of time under considera- 7 


particles of groups 1, 2,... at the 
tion. The number of factors 0.7 
1/pm, 1/pw.... Which appear 
in Equation [30] depends upon 0.6 
the number of groups which still 


belong to the group of burning 0.5 
particles at the instant under 


consideration. If subscript u is 0.4 ——s 

replaced by j the formula applies \ 

for area factor a;. 03 = 
By application of Equation ¥ 

[30] with N; = 5 and 6 = 87 |b 02 

per cu ft, to each of a number , 7 --To Refractory 
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Fig. 3, corresponding to which N | 
values of 1/p, 1/p:.... are 0 i 
found, the curves for a, and a, 0 i 2 430 40 
in Fig. 4 result. The curve for Distance Along Furnace, Ft 
a, is of course for all particles. 
It is noted here that the value 
of factor a falls off rapidly for 
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the burning particles with increase in abscissa values whereas 
that for the ash particles starts at a low ordinate value, say zero, 
and rises rapidly. The result is that the time-mean value a, 
of burning particles is much less than that a, for the ash par- 
ticles. Each is of course the mean ordinate between ¢ = 0 and 
¢ = g, under the respective curve. The results are tabulated 
on the curve sheet. Corroborative experimental evidence of 
the implications of the foregoing in so far as radiation from ash 
particle is concerned will be found in reterence (7). 

The angle-factor values F, to be associated with values of a in 
the product aF for given points along the furnace axis, are ar- 
rived at by means of Fig. 5. Here values of F,, and F,, are 
ordinates taken from the curves labeled, respectively, ‘“To cold 
surface” and refractory surface.” 

Products of the values a and F from Figs. 4 and 5, taken for 
each of a number of points z along the furnace axis, result in the 
curves shown in Fig. 6. The mean ordinates under these curves 
divided by the corresponding time-mean particle surfaces, result 
in values F for each class of particles. Then by again referring 
to the angle-factor curves of Fig. 5 the distances along the fur- 
nace axis at which the radiant-mean normal planes for each of the 
three classes of particles are located, may be found. The results 
are tabulated with Fig. 6. 
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It is noted that the radiant-mean normal plane of burning par- 
ticles is removed less than 2 ft from the head end of the cavity. 
This is explained, first by the assumed instantaneous ignition for 
all particles; second by the large fraction of total fuel-particle sur- 
face initially exposed by that fraction of fines which burn out into 
ash particles so quickly; and finally by the low entrance velocity 
of the charge. This was assumed equal to that of the gases in 
the cavity for radiant-mean temperature T’,. 

If the entrance velocity increases, as it would for an increased 
firing rate through a given set of nozzles, the radiant-mean normal 
planes of burning and of ash particles shift to the right as illus- 
trated in Fig. 16, Appendix 7. This is true also if there is initial 
lag in the attainment of ignition. If the latter is considerable, 
then the inert fuel particles near the head end of the cavity may 
be treated as an additional class of particles by introducing an- 
other equation of condition. This involves an additional radiant- 
mean position, i.e., that of the fuel particles preceding and up to 
their ignition. The new equation represents the equilibrium at 
surfaces of these particles while inert during their heating-up pe- 
riod and the complete solution now yields the additional radiant- 
mean temperature of these particles during this period. 
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Finally, it is noted that for a given relative distribution of cold 
and refractory walls there may be certain radiant-mean positions, 
say for the burning particles, in which the net radiant exchange 
between these and the cold walls is a maximum. Hence changes 
in entrance velocity may influence the distribution of energy in 
such respects. However, with respect to the total radiant ab- 
sorption at cold walls of the cavity it appears that the earlier the 
radiant-mean positions the greater will be this absorption. 

Mean values of concentration of the radiating gaseous constitu- 
ent CO, involved in the evaluation of absorption coefficient G, are 
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arrived at by means of the curve shown in Fig. 7. It is plotted by 
reference to data obtained from Fig. 3. 

On the basis of information now available the procedure out- 
lined in Appendixes 1 and 2 finally results in the equilibrium solu- 
tion represented as a flow diagram in Fig. 8. 

- The temperature values shown are in accord with expectations 
for the conditions investigated. Any one value is probably within 
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20 or 30 deg. But the analysis indicates beyond doubt that the 
difference in temperature between ash particle and gas is ascer- 
tained to within a few degrees. In view of the importance of ash 
fusion in actual operation, the disclosure of the fact that the radi- 
ant-mean ash temperature must be within, say 20 to 30 deg of the 
radiant-mean gas temperature is of great practical significance. 

Examination of the flow diagram discloses at a glance the large 
part which the direct transfer of energy plays in the energy dis- 
tribution. Thus about 70 per cent of the energy released at sur- 
faces of fuel particles is transferred directly to the gases by ther- 
mal conduction, in spite of the fact that the conducting film was 
assumed to be infinitely thick. It is noted also that of the total 
energy received by the ash particles, over 80 per cent is supplied 
by direct transfer from the gases in thermal conduction. This 
state of affairs is due (a) to what might be termed the “sphericity” 
of the thermal-conduction system, composed of a body of gas 
with a particle at its center, and (b) to the large amount of ex- 
posed particle surface per pound of fuel as fired. The first condi- 
tion leads, for small particles, to high specific rates of thermal 
conduction, which vary inversely with the radius of the particle. 
The effect of the second condition is obvious. 

For burning particles the time-mean area per pound of fuel is 
relatively low and the energy supplied at their surfaces (released 
energy) is relatively high as compared to corresponding conditions 
at surfaces of ash particles. This explains why the temperature 
difference between gas and burning particles must be high com- 
pared to that between gas and ash particles even though thermal 
conduction is a primary factor in controlling the equilibrium in 
both cases, 

It is apparent, therefore, that the thermal-conduction process 
may be thought of as a powerful binding property which holds 
the energy distribution in the configuration which it assumes. 
To neglect it from consideration results in an entirely erroneous 
picture. If, for example, the thermal-conduction terms are 
omitted from the equations of condition, a solution for assumed- 
complete combustion yields an unreasonably wide spread in the 
temperature values ranging from 4960 F abs for T, to 1820 F abs 
for T, and the difference between 7; and 7, is of the order of 500 F 
instead of from, say 10 to 30 F. At the other extreme is the solu- 
tion mentioned previously, in which infinite thermal conductivity 
is assumed for the gases. This solution also is rather wide of the 
mark but the result based on it is a better average than that de- 
termined on the basis of disregarding therma] conduction. 

Now with respect to radiation absorption at walls of the cavity 
it is noted that burning particles are the least important of the 
three radiators—burning particles, ash particles, and gases—in 
spite of the fact that the ash content was only 10 per cent, and 
that-the gases contained CO, as the only radiating constituent. 
If real coal with higher ash content were burned, the importance 
of burning particles as radiators would be still further reduced. 
Also, if particles break up in transit, the relative importance of 
ash-particle surface increases, and that of burning particles is still 
further depressed. The latter are primarily a source for releas- 
ing energy, most of which is transferred directly to the gases 
by thermal conduction. From here it is redistributed and again 
thermal conduction takes an important part. Hence the gases 
serve momentarily as a great sink into which most of the released 
energy is dumped. 

By means of the information contained in the equilibrium solu- 
tion it becomes possible to arrive at the distribution of energy ab- 
sorption as heat over the cold walls of the cavity. The method in- 
volved is discussed in the following section. 


PART V 


Distribution of Heat Absorption Over the Cold Walls. Neglect- 
ing convectional transfer, the heat-absorption rate, Btu per hr 
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per sq ft of cold surface, may be represented by the following sum 


The index prime denotes this new basis for reference. Involved 
angle-factor values are now those subtended per sq ft of cold sur- 
face from the source. Then with 1 hr as the unit of time in o the 
expression 


represents Btu per hr per sq ft of cold surface absorbed from 
burning-particle surface per lb of fuel as fired. Referred to en- 
trance conditions the fuel weight which is taking part in the radia- 
tion at any instant of time is, as before noted, equal to Wt, where 
W is the number of pounds of fuel fired per unit of time, and ¢, 
the time required to travel through the cavity. If subscript 
u in expression [32a] is replaced by subscript j the argument ap- 
plies for radiation between ash particles and a unit of cold surface. 
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The bases for stating R,,’ and R,.’ are quite obvious. Thus it i- 
found that 
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Here A, is the total area of refractory and W is the number o! 
pounds fired per second if ¢, is in seconds. For a given set o! 
conditions otherwise, W varies inversely with ¢,. Therefore the 
product Wt, is a constant under such conditions. Actually 
the temperatures increase with an increase in W. This results in 
a decrease of the product Wt, since ¢, varies inversely with 7. 
But the increases in source temperatures 7’, and 7’; are sufficient 
to cause the radiation rates R,.’ and R;,' to increase with increase 
in firing rate W. 

The values of coefficients 7’ and y’ in Equation [32b] are of 
course with respect to the location of the’unit area of cold surface 
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which is under consideration. The data necessary in this case 
are shown in Appendix 5. This also includes data for angle-factor 
values involved. Temperature data involved are, of course, 
taken from the preceding solution for equilibrium conditions in 
the cavity. The results are shown in Fig. 9. 

It is noted that for the conditions of this problem curve No. 1, 
representing total absorption, contains a maximum peak energy- 
absorption rate adjacent to the radiant-mean normal plane of the 
burning particles. A secondary peak of lower intensity occurs 
adjacent to the radiant-mean normal plane of the ash particles. 
Between the two, energy absorption first falls off until radiation 
from the ash particles assumes control and reverses the curvature, 
thus creating the second peak. Beyond this point the decrease in 
absorption is rapid. These characteristics are of course the result 
of combining the separate absorption curves, Nos. 2, 3, 4, and 5. 
But the evidence presented appears sufficient to indicate strongly 
that the total characteristic, curve No. 1, is similar to that which 
would be found by experiment if the conditions of the test were 
similar to the primary conditions which were assumed in this 
problem. 

Whether or not the primary peak in the curve will be followed 
by a secondary peak along the flame axis depends of course on the 
relative positions, with respect to each other, of curves Nos. 2 
and 3. If, for example, the peak of No. 3 were shifted consider- 
ably to the right, either because of retarded combustion or be- 
cause of considerably higher entrance velocities, then the peaks 
of Nos. 2 and 3 would be crowded closer together. This follows 
because the shift to the right of No. 2 resulting from the right 
shift of No. 3 would not be as great as that of No.3. The second- 
ary peak would be raised and it is entirely conceivable that condi- 
tions might arise in which the two peaks of curve No. 1 would 
merge into a single peak. Curve No. 1 would then rise from the 
left to a peak between those of Nos. 2 and 3 on the abscissa scale, 
and fall off again. As another example, consider the refractory 
walls to extend from the end over the barrel of the cavity beyond 
the peak in curve No. 2. In this case neither primary nor second- 
ary peaks may occur, and curve No. 1 would fall from a high point 
at the left to its minimum value at the extreme end of the cavity 
without any points of inflection. 

As a matter of interest it is noted that the mean heat-absorption 
rate over the cold walls as computed in Fig. 9 fails to check that 
found from the equilibrium data of Fig. 8, by the difference be- 
tween the values (a) and (b) on curve No. 1. This corresponds 
to about 3 per cent of the released energy which is the difference 
in the furnace absorption efficiencies, by the two methods, 51.8 — 
48.8 = 3 percent. In view of the many different but related fac- 
tors for the two sets of data this check is probably as close as 
should be expected. 


GENERAL DeEpUCTIONS AND CONCLUSIONS 


Quantitatively, the value of results even for the special case 
investigated depends in the last analysis of course on the relia- 
bility of values of coefficients. In this respect the coefficient of 
thermal conductivity of the gases is probably the least reliable. 
The error involved is certainly not large enough to disturb the 
general conclusions, but the nature of the results again shows the 
necessity for further investigation of this coefficient at high tem- 
peratures. 

In arriving at equations representing both thermal conduction 
and specific rate of the reaction it was assumed that the gas film 
surrounding the particle was infinitely thick. This provides for a 
minimum rate, in so far as film effect is concerned, for each of these 
processes, It is plain however that even so, the rate of either 
process is so high that should it be any higher, the net final results 
would in most respects remain nearly at the values found. This 
assumption therefore appears thoroughly justifiable for an analy- 
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sis of this type. Concerning the effect of the assumption that 
gas and particles flow in straight lines in the single-flow cavity, it 
may be noted that, for a given steady state, corresponding par- 
ticles and gases arrive, on the average, at corresponding points 
along the axis of a given cavity, at substantially corresponding 
points in time, whatever the configuration of the gas-travel path. 
This of course assumes the cavity to be well filled with the charge. 
It is noted also that the time-mean rates of the individual proc- 
esses are not greatly affected by changes in the geometry of the 
system in so far as relative positions, to each other, of entrance 
and exit areas of the cavity are concerned. 

In view of these statements it appears that the essential fea- 
tures which have been disclosed concerning the energy distribution 
apply also for other than the straight-line single-flow cavity. Of 
course specific quantitative values will differ from case to case 
and some of the questions raised may be at least partially an- 
swered by solving more cases. The information which could be 
furnished in this way appears of sufficient importance to warrant 
the rather large amount of work which would be required. On 
the basis of such extended results it may thus finally become pos- 
sible to arrive at considerably simplified relations which, al- 
though more or less empirical, nevertheless have a sufficient back- 
ground so that they may be applied with confidence over a fairly 
wide range of conditions. 


Appendix 1 
Tue CorFFICIENTS OF RADIATION 
Coefficient c. The combined coefficient of radiation is assumed 


to be [33] 


where op is the black-body value of ¢ for the unit of time which is 
the basis of the calculation. 
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Mean Concentration, v. Let vg represent the line-mean, i.e., 
in this case, the time-mean value of concentration of CO; be- 
tween any normal plane and the head end of the cavity. This 
is represented by a curve in Fig. 10. Then the mean value v,, 
for radiation between the burning particles and refractory is 
closely approximated by 
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If subscripts j and p replace u in Equation [34] the results of 
the operations are v;, and v,,, respectively. Usually, however, it 
is sufficiently close to consider all concentration values except 
vy, at the mean vy over the total interval from ¢ = 0 to ¢, in 
Fig. 10, that is, the value at the end point on the curve vy in Fig. 
10. Hence for v with each of the subscript sets 


Up, ug, Uj, UC, jc, jg, Te, gr, gc, gpr, and gpc....... [35] 


the concentration value may be taken as 0.165 atm. The only 
exceptions to the general features of this rule occur when it may 
become necessary to compute v,, and v,, on the basis of the rela- 
tion 


In the present case Equation [36] yields 0.13 atm instead of 0.165 
atm, and this value was used for vy, and v,,. Reversal of sub- 
scripts leaves the values unchanged. 

Mean Particle Areas a,. All particles in suspension between 
two considered normal sections interfere with radiation between 
the two sections. Hence if vg in Equation [34] is replaced by the 
time-mean value az, Fig. 10, the result of the operation yields 
the proper mean value of the superficial surface of interfering 
particles per pound of fuel as fired. In this way it is found that 


Apu, = 168 sq ftperlb | 
124 sq ft per lb f 


Apjr 


For radiation between burning particles and gases the expression 
employed corresponds to Equation [36]. Thus 


pug = ur + = 129 sq ft per lb...... [38] 


For radiation transfers between all other stations the mean-area 
factor a, of interfering particles may be taken as the time-mean 
over the total cavity, that is, the value of a,, at the end point 
¢ = g,in Fig. 10. Hence a, with each of subscript sets 


has the value 101 sq ft per lb. Reversal of subscripts leaves the 
values unchanged. 

Radiant-Mean Beam Lengths. Those involved together with 
values as determined for conditions of this problem are as follows: 
(a) For radiation from a source 1 through to boundary walls. 
Sources u and j are considered as normal planes. 


i, = 3.70ft 1, =18.9ft = 12.9 ft ) 
.=19.8ft J, =18.6ft =17.2ft ...[40] 
L, = 13.0f J, =18.6ft 1, = 12.9 ft 


In the above group the value of J,, is a weighted mean of the 
type of Equation [36]. 

(b) For radiation between burning and ash particles. The best 
approximation of this, without going into an elaborate system 
of computation, is furnished by considering it as the mean beam 
length from normal plane u through a section of the cavity termi- 
nating with normal plane j. On this basis it is found 


[41] 


(c) For radiation from source 1 through gas columns terminating 
at particles p in suspension. On the basis of formula No. 27 of 
reference (5) it can be shown that for uniform distribution and 
size of particles the beam length from source 1 through gas col- 
umns terminating at particles is one half that through to the 
opposite boundary. Hence 
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= luy/2 = 6.5 ft 
= = 9.3 ft 


[42] 
line = 1,./2 = 8.6 ft 
The Gas-Absorption or Emission Coefficient Gz. This may be 
represented as 
Gi. [43] 


(T,* — 


where x and m represent the specific rates of total radiation from 
the gas-radiation chart. In this case the chart for CO, due to 
Hottel and Mangelsdorf (6) has been adopted. 

The general background for Equation [43] is discussed on 
page 702 of reference (5). This however contains one misleading 
statement for the application of Equation [43] when applied to 
evaluate G as an emissivity coefficient for the present problem. 
The statement referred to, concerns the generality of appli- 
cability of Equation [48] as it stands regardless of the relation be- 
tween and In so far as absorption values for are 
concerned the statement is correct but it requires the special 
interpretation on choice of temperature for x included in the right- 
hand column of Table 1 herewith when G is evaluated for the 
first four coefficients G there shown. These are emissivity coef- 
ficients; the others are absorption coefficients. The table in- 
cludes the data which should be associated in each case tor the 
purpose of evaluating the coefficient. The body of the table in- 
cludes merely the subscripts to be attached to the factor appearing 
at the head of the column in which the subscripts appear. If in 
the first, second, fifth, and sixth lines the subscript u is replaced 
by the subscript j, then application in Equation [43] of the data 
represented yields values of G with subscripts respectively jr 
je, jg, and jpg. 


TABLE 1 
T for 
Gu via lie T, and T: ——-T for 
ur ur ur u r Consider T7T; > 17, 
uc uc uc u c then T for = is: ‘ 
uj uj uj u To when T,> 
1 when T: 
‘ T: when Ty = T 
ug ug ug u g u 
upg upg upg u g 
ge ge ge g c 9 
gpe gpe gpe g 9 
gr gr gr g r g 
gpr gpr gpr 9g r g 


The reasons for rules as to choice of temperature on x for the 
emissivity coefficients G, i.e., the first four in Table 1, are now 
stated briefly. 

With a radiationally clear atmosphere between source at 7) 
and boundary at T, the net exchange by radiation from the source 
to the receiver is proportional to the difference in their total emis- 
sivities. If gases having an emission spectrum intervene then 
the proportional reduction in the net exchange between 7, and 
T; is equal to the amount by which the emission of the gas falling 
in the temperature ranges between 7’; and 7, adds to the emission 
at boundary 7). 

If the gas is at a temperature 7, > T, > 7’; then only the por- 
tion of its emission between 7 and T, can interfere with the 
radiation from the source at 7;. This follows because in the 
wave bands of the gas emission spectra the source cannot be inter- 
fered with in excess of its own emission in these bands. Hence 
for T', 5 T; the temperature to be associated with x in Equation 
[43] is T;. The excess of emission from gases at 7, > 7) over 
and above that at 7, = 7, is accounted for when the system under 
observation includes the gas itself as one of the ultimate bounda- 
ries, as for example R,,, R,,. .. 
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If the gas is at a temperature 7, = T, < T; none of its emission 
falls in the temperature range between 7’; and 7: and so the net 
radiant exchange between source at 7 and boundary at 7, 
is the same whether or not the gas is present. Hence for these 
conditions the temperature to be associated with x in Equation 
[43] is T:, Now = m: and so coefficient G reduces to zero. 
The increased absorption by the gases themselves when 7, < 
T; < T; over and above that which exists when 7, = 7: is ac- 
counted for when the system under observation includes the gas 
as one of the ultimate boundaries, as for example R,,, Rjg---- - 

After assigning trial values to the temperatures involved in 
Table 1 and applying available data in Equation [43] the follow- 
ing values result for G 


= 0.027 G, =0.14 G, =0.16 | 
G.. = 0.089 G,, =0.165 = 0.13 | 
G,; =0 Ging = 0.049 G,, = 0.13 } .-..[44] 
Gino = 0.067 G,, = 0.071 G, = 0.10 
G,, = 90.076 G,, = 0.175 
In this connection the trial values used were 
T, = 3500 F abs 7, = 3000 F abs 7, = 2400 F abs 
T; = T, for all coefficients G except G;, and G;,,...... [45] 


For G,, and G;,, the differential (7; — 7) must be at least 200 
deg in order to read values from the gas-radiation chart with any 
degree of accuracy. 

The Absorption Coe ficient f for Particles. It can be shown that 
the formula . 


closely approximates the value of this coefficient if v, and a, 
represent, respectively, mean values of concentration and their 
cross-sectional areas. Then it can be shown that 


al 
P = 0.795 [47] 
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where a is the mean superficial area of particles of the class in- 
Volved, per pound of entering fuel as shown by curves in Fig. 4. 
The relation between f and a1/T, is shown in Fig. 11. In arriving 
at fy, values it is merely necessary to associate a and / values 
having the’subscripts to be attached to fi. The results are 


Sue = 0.152 fj, = 0.463 = 0.292 | 
fee = 0.411 fj, = 0.3893 = 0.292 [48] 
= 0.376 = 0.399 = 0.396 


Sug = 0.359 
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Reversal of subscripts leaves value of f the same. 


Values from Equations [44] and [48] in Equations [18] then 
yield 


Tur = 0.825 = 0.461 = 0.585 | 
= 0.536 = 0.507 = 0.121 
0.073 Hie 0.062 Moe 0.148 
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The terms L,, and L;, have been represented in their reduced 
forms by Equations [27] and [29]. This leaves q,, h;,, his, 
hejy ty and all of the radiation terms Rj2. 

The combustion is not entirely completed in time ¢, but, as be- 
fore noted, the fraction unburned at the end of this interval is so 
small (< 0.002) that it may be considered as completed at t = 
t,. The released energy 9, = qu tor the first equation of condition 
is of course equal to the calorific value of carbon at standard condi- 
tions times the pounds carbon per pound fuel. For the second 
equation of condition the calorific value involved is of course 
that at temperature 7,. Investigation indicates this to be about 
250 Btu per pound less than that at standard conditions if T, = 
3500 F abs. Hence 


qu. = 14,600 X 0.90 = 13,150 Btu per Ib 
qu: 14,350 <x 0.90 = 12,900 Btu per Ib { wats [50] 


The time interval ¢, may be represented as 


x=2=40 
dz 
x=0 v 


where v is the gas velocity. For the conditions of this problem, 
v is a constant the value of which depends on the firing rate and 
temperature 7',. The expression reduces to 


_ 1.004 X 10.04 
— 


t, 


where 7, = 1000 @,. 

Reference to Fig. 4 shows that a, = 16.4 sq ft per lb, for 7, = 
3000 F abs, or for @, = 3.00. Under the curve a,, Fig. 4, the area 
remains substantially constant for variations of as much as 50 per 
cent in the total time interval ¢,. Since ¢, varies inversely with 
T, or 6, then 


6, 
16.4 = 5.47 
he 5.47 0, [53a] 


a, = 
The area factor a; of ash particles remains substantially constant 
regardless of variations in ¢,. See Fig. 4. The other two area 
factors a, and a, involve both W and ¢, as before noted, and the 
firing rate W for this case is 5.07 lb per sec. Hence 


A 8 


_ A, _ 3600 X 4, 
Wt, 5.07 X 10 


a, = 71.0 4, 


Reduction of radiation terms requires in addition to data in 
Equations [49], [52], [53a], and [530], also the following 


o =0.454X10-"% F, =0.111 a; = 84.6 
= 0.424 = 0.889 [53e] 
F.. = 0.576 Fre = 1.00 
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Each of these quantities may be considered as a constant of the 6,4 = 2.36 6,4 — 0.477 0,4 + 473 (0, — @,)3,, + O.LLS hy, - 
process. 
From this point on, ¢, is considered as a constant at the value , 

0,4 = 0.214 6,4 + 0.269 4,4 
determined by the trial value for 7,. Accordingly for the first (HIT 
trial let 7, = 3000 F abs or 6, = 3.00. Then trom Equations 
[53a] and [536] 


a, = 16.4 sq ft per lb fuel fired | 

a 23.6 sq ft per lb fuel fired -... [54] 
a 

t 


o 


= 212.5 sq ft per lb fuel fired {| “"" 
= 3.345 sec 


By combining data from Equations [49], [53c], and [54] in 
[18] the following reduced expressions result for the radiation 
terms 


>) 


vr = 2.60(0,4— 0,4) Rj, = 1.97 (6;4 — 

= 2.30(0,4 — 6,4) = 17.31(64— 0.4) | 

= 0.54(0,4 — 0,4) 2.81(0;4 — @,*) } .[55] 
= 0.70(6,' — 0,4) = 1,30(6,4 — 0,4) 

= 6.27(6,4 — 0,4) = 14.28(0,4— 0,4) | 
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In terms of the @ scale with t, = 3.345 sec, expressions [27] and 
[29] appear as 
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0, + 0.225 | 


where 8,, = and 8;, = 


Enthal 


Enthalpy Increase hj yand hj ; 


In arriving at 8;, it has been assumed that @; = @, except for 
the difference term (6; — @,) in Equation [29]. This assumption 
is permissible because, as will become evident later, 6; — 0, is Ajj 
small compared to either 6; or 4500 Jo 

Substitution in the first, second, and fourth equations of condi- 2000 2400 2800 3200 3600 4000 
tion with 6; = @, for all but the difference term (6; — 9,) as it Temperature T=1000 8, Deg Fabs 
appears in Equation [56] yields the following reduced equations 


4 


Btu per Ib Fuelas Fired 


Fig. 12a Enruarpy INCREASES PER Pounp or FvEL Firep 
(Fuel, carbon with 10 per cent ash; air. 120 per cent; entering tempera- 
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Eliminating 6,4 between Equations [I] and [IT] 


1.525 0,4 — 6.41 0,4 + 473 (0, — 9,)Bug + 


0.115 0.051 = 811 [LV] 


The enthalpy values 4 involved in the above equations are 
shown plotted in Fig. 12a, for the conditions of this problem. 
In each case the curve value is the increase above 80 F for the 
constituents concerned per pound of fuel as fired. It should be 
noted in this connection that h,; is the difference in enthalpy 
values along the ash curve h;; for temperatures 7, and 7, and 
is positive for T,, > T;. The specific heat of fuel and ash has 
been assumed as that for refractory earths for high temperatures. 
The data employed are found on pages 309, 385, and 771 of Marks’ 
Handbook, 1930. 

By assigning values to @, in Equation [IV] and solving by trial 
for 6,, curve IV of first-trial chart in Fig. 12b is obtained. Pairs 
of values (@,, 0,) taken from this curve and substituted in Equa- 
tion [1], yield, on solution for @,, the curve labeled ‘From I,” and 
a similar procedure with respect to Equation [III] yields the 
curve labeled “From IIT.” 

The trial values of temperature used in computing the coef- 
ficients of Equations [I}, [II], and [III] are shown in the block 
to the right of the chart and the values resulting in solution are 
those falling on ordinate y-y passing through the intersection of 
the 6, curves “From I” and “From III.” 

Reference to the first-trial chart shows a considerable deviation 
between first-trial temperatures used in computing coefficients 
and first-trial temperature results. Accordingly, in 
a second trial the temperatures used in computing 
coefficients are equal, in round numbers, to the 
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= 2.38 0,4 —0.53 + 476(8, —-8,)8,, + 0.115 h;, — 1488 


6,4 = 0.216 6,4 + 0.285 6,4 + 0.50 [VIII | 


Elimination of 6,4 between Equations [VI] and [VII] yields 
1.58 0,4 — 7.39 0,4 + 476(0, — 0,)3,, + 0.115 h;, — 0.050 h;, = 
802... . [IX] 


The plot of this equation is shown in the second-trial chart 
of Fig. 12b where LX, “From VI,” and “From VIII” correspond, 
respectively, to IV, ‘From I,” and “From III” of the first-trial 
chart. 

It is noted that the second-trial results differ but little from 
those of the first trial, thus showing the equations to possess 
large convergence to correct results. The greatest difference 
between the two sets of values is for the refractory temperature. 
This is 2600 F abs now as against 2570 for the first trial. It is 
noted also that the second-trial temperature results are very close 
to the second-trial temperatures. Hence they may be considered 
as final provided the assumption @; = @, is within reason. 

The Temperature Difference T; —- T,. The third and fifth 
equations of condition as reduced from Equation [V] are now 
each solved for (8; — 6,) as follows 


0.65 6,4 — 0.25h,; — 17.9 8,4 + 1.67 6,4 + 15.6 


(;—6,)x = 23,600 8;, 


[X] 


(0, — %)x1 = 
0.25 (hig — — 1030(4, — 8,) — 0.49 6,4 + 15.07 0,4 — 1.18 0,4 


- 13.4 


temperature results from the first trial. The values 
employed are indicated in the block to the right of 
the second-trial chart in Fig. 12b. 

Second Trial. The radiant-mean positions u and j change so 
little with temperature that they may be considered as in the first- 
trial location. Hence first-trial values of F\. and ];; are appli- 
cable. This is true also of concentrations ¥;, which are employed 
with beam lengths J,. and the second-trial temperatures in evalu- 
ating the second-trial values of radiation coefficients G for gases. 
It is true also of the mean-area-factor values a,:2 used with /;2 and 
T, in evaluating the second-trial values of radiation coefficient 
for particles. 

Second-trial values of ¢, and of area factors a, @,, and a, are 
found, respectively, from Equations [52], [53a], and [53b} by 
taking 6, = 2.50 corresponding to the second-trial value 7, = 
2500 F abs. The second-trial reduced expression for Ly, is 
found from Equation [27] by introducing the second-trial value 
of t,. ‘Lj, and a; may, for obvious reasons, be considered as they 
were for the first trial. 

Proceeding in this manner the necessary second-trial data are 
established with the following results as to terms of the equations 
of condition 


Ry, = 2.16(0,4 — @,*) 
Ry. = 1,84(0,4 — 6,4) 
uy = 0.49(0,4 — 0,4) 
= 0.65(0,4 — 1.18(6,* 8,4) 
4.97(6,4 — 0,4) 13.4 (6,4 —- 0,4) 
= 1030(6, — 9,)8,, L;, = 23,600(6; | 
t, = 4.02 sec | 


= 1.67 (0,4 — 
15.6 (6; 6.) 
5.68(0,;4 — 


Here 8,, and 8,, are as represented in Equations [56]. 
Again considering 6; = 0, the first, second, and fourth equations 
of condition now reduce to 


0,* = 0.80 0, + 6.36 0,* + 0.50 h;, — 686 


[VI] 


23,600 8,, 


If the second-trial temperature results are substituted on the 
right of the above expressions the results are 


(6; — 
(0; — @) x, 


0.0154 or (7, — Tj), = 15.4 F 
= —0.0109 or (7, —T;)x, = 10.9 F 


Equations [X] and [XI] satisfy equilibrium respectively at 
ash-particle surfaces and for the gases. Hence if the method of 
solution had been consistent in all its details 


The Energy Distribution. If each of the time-mean rates in 
Equations [V] with @ values corresponding to temperature re- 
sults in Fig. 12b, is multiplied by time t, = 4.02 sec, the products 
represent the energy of each process in Btu per pound of fuel as 
fired. 

The input on this basis is g,, = 13,150 Btu, and the output is 
energy discharged to furnace walls and that left in the gases. 
This is the basis on which the flow diagram has been developed. 

As shown in Fig. 8 the net radiation from ash to cold surface is 
equal to the sum 


R,; + R,; + L,; = 16.7 per cent 


If this had been computed directly from the radiation term R,. 
the result would have been 18.9 per cent, thus showing a discrep- 
ancy in the procedure. If, however, the term L,; in Equation 
[57b] is computed on the basis of 15.4 from (7, — 7;), instead 


of on the basis of the average temperature difference of 13.2 F, 
then the two expressions check within about one-half per cent of 
each other. This indicates that some coefficients in the gas- 
equilibrium equation may be at fault. 

The second and fourth equations of condition check but the 
first equation fails to balance by about three and one-half per 
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cent. The balance in this case, however, is very sensitive to tem- 
perature values and a shift downward of only 30 F in each of the 
temperatures 7',, T,, T;, and T, is sufficient to cause this equation 
to check. Thus it appears as though all temperatures are known 
to within these limits tor the conditions of this problem. The 
difference (7’, — T;,) is of course known within a few degrees. 


Appendix 3 


Time-Mean Rate of Thermal Conduction, per Pound of Fuel as 
Fired, Between Particle Surface and Adjacent Gases. On the basis 
of Equation [24] 


where l,, is the area-mean value of the specific rate of thermal 
conduction at instant of time ¢ when burning-particle surface per 
pound of fuel as fired is a,. 

By application of Fourier’s law for thermal conduction to condi- 
tions at surfaces of particles it may be shown that 


lL, = kK(T, — T,)v. 


Here k is the thermal conductivity of the gases in the vicinity of 
particle surfaces and +, is the area-mean value of the reciprocal 
1/p of radius of the particles of class u having area factor a, at 
time t. Coefficient k is a function of the temperature and com- 
position of the gases. For a steady state the temperature fac- 
tors involved, 7, and 7’,, have steady values throughout time and 
the gas composition may be taken as steady at its time-mean 
value. Therefore k has a steady value. Substituting Equation 
[59] in [58} with this in mind 


= KT, — T,) 


where f = 


It may be shown that at a given instant of time 


3M 


de = + + (....)] | 


Here N; is the number of equal-weight groups, into which the 
initial sample was divided for the purpose of arriving at curves 
in Fig. 3. The density of the fuel substance is taken as a con- 
stant throughout the time t = 0 tot =1t,. The initial radii of 
the representative particles in the weight groups are pi, pi, .. . pis. 
The radii of particles of the same groups at a later instant of time 
are, respectively, psi, pu2....if these particles are still burning at 
this instant of time. If in the preceding equations the subscript 
u is replaced by the subscript 7 these relations apply to the ash 
particles. 

‘In Fig. 12 are shown curves representing the product a for 
burning and for ash particles as plotted against = ¢t X T,°-®. 
For the burning particles, values of pui, pu2,... are taken from Fig. 
3, for each of a number of points along the g axis. The number 


of ratios (p,/p,;*) which appear for A, of Equation [61], fora given © 


value of ¢, is equal to the number of intersections of the ordinate 
erected at ¢ in Fig. 3, with such of the curves there shown as 
belong to particle groups of class u at that time. The value of 
N, is of cours: a constant for all values of y, and so N,; = 5 in this 
case. The preceding remarks apply equally when ash particle j is 
under observation. 

The mean-ordinate values ya for each of the above cases are 
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indicated in Fig. 12. It is now noted that the mean ordinate 
7;a; remains practically unchanged for considerable changes in 
time ¢,. This mean-ordinate value may thus be considered as a 
constant whatever the value of t,. In the other case, however, 
it is the area under the curve which remains nearly constant 
over a considerable variation in time ¢,. The time ¢, for ¢, = 
198 is, as before noted, 3.345 sec. Hence for any other time t, 
3.345 


uy, 


2.16 X 1075 = 


= 29.2 108 


It remains now to find the expression representing k. No great 
refinement is justifiable at present because the experimental data 
do not warrant it. The formula adopted is based on data for the 


and 


= 2/6 x 
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400 


Sutherland constant for air as recorded from the International 
Critical Tables in reference (3). When extrapolated to 3000 
F abs and allowing for a concentration of 0.165 atm of CO, in the 
mixture the result is 


k = 25.5 X 107-5 


1 i 
T + 225 \100 
The temperature 7’ is taken as 


where k = Btu/sec ft? deg/ft. 


a for burning particles 


for ash particles 
When Equations [62], [63], and [64] are substituted in [60] for 


L,, or in the corresponding expression for L,,, the results are those 
shown in [27] and [28]. 


Appendix 4 
Time of Combustion for Particles. The Parker-Hottel formula 
(4) shown by Equations [65] is adopted. Thus 
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Here p; is the initial radius of the particle, i.e., when t = 0 and p 
is the radius at subsequent time ¢t and hence of g. The air sup- 
plied per pound of fuel is g, pounds. 

Equation [65] results from integration of the differential rela- 
tion 


where 6 is density and ¢ the specific rate of the carbon consumed 
referred to a unit area of particle surface. For temperatures 
considerably above the ignition point 


2.73 X 


where v+ is the oxygen concentration in the vicinity of the particle. 
If each particle burns alone in the air allotted to it, then it can 
be shown that for carbon 


2.41 
Ia 


Uy 0.209 


When Equation [66] is integrated on the basis of [68] for vy in 
¢, Equation [65] results. The curves for the finer groups of 
particles in Fig. 3 are determined on this basis. 

In order to account for the effect of oxygen depletion for coarse 
particles because of rapid combustion of fines it was assumed 
that the effect of depletion started when the finest four fifths had 
burned completely. Equation [68] was adjusted for the coarsest 
one fifth at ¢ = 15.5 to conform to the actual concentration exist- 
ingthen. See Fig.3. This adjusted result for v, was substituted 
in Equation [67] and the latter in [66] yielding a modified form 
of Equation [65]. This applies with radius for coarsest group at 
¢ = 15.5 taken as a new initial radius p; for a shifted ¢ scale, in 
which ¢ = 0 replaces the former value ¢ = 15.5. The total 
value of ¢ on the original basis for points beyond ¢ = 15.5 is then 
the value of ¢ on the new basis plus g = 15.5. 


Appendix 5 


Application of Equations [32] to the Conditions of This Problem. 
The known data are tabulated as follows 


o = 0.95 oo = 1.635 X 107° (unit time one hr) 
a, = 13.7 sq ft per lb T, = 3530 F abs 
a; = 84.6 sq ft per lb T; = 2530 F abs 
A, = 400 sq ft T, = 2600 F abs ¢ ----- [69] 
W = 5.07 lb per sec T. = 1000 F abs 
t, = 4.02 sec T, = 2540 F abs 


Angle-factor values F,,’, F;.', and F,,’ are shown in Fig. 13. 
These are arrived at by considering the “barrel” of the cavity in 
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Fig. 13 ANGLE Factors PER SQuaRE Foor or WALL SURFACE AT 
RapIanT-MEAN PosITIONs OF u, j, AND REFRACTORY 


five equal peripheral sections. The angle-factor value F’ per 
square foot of surface for any peripheral section is the angle factor 
subtended by the section divided by the area of the section. This 
value for F’ is plotted at the longitudinal mid-point of the section 
in arriving at the curves shown in Fig. 13. 
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The radiant-mean beam lengths involved in determinations of 
values for the coefficients of radiation y’ and y’ are shown in Figs. 
14a and 14b. Here the beam length 1,,’ is to the complete en- 
velope with respect to unit area of cold surface as previously de- 
fined. The beam length /,,.’ is to all particles in suspension. 
The dotted curve for /,,.’ assumes uniform size and concentration 
of particles and the other is an approximation which takes into 
account the variation in size of particles along the path. Beyond 
x = 20 ft the dotted and solid curves practically coincide. The 
method of arriving at l,,.’ is based on Formula No. 27 of refer- 
ence (5). 
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Radiant-mean beam lengths /’,., 1”,., and 1";, of Fig. 14b are 
between a station c on the cold walls and, respectively, refractory 
wall, radiant-mean normal plane of burning particles, and radiant- 
mean normal plane of ash particles. It is noted in each case that 
the beam length is zero at the trace formed by the intersection of 
the normal plane with the barrel of the cavity. For /’,, this is 
the correct value at this trace. But for the burning and ash parti- 
cles the true minimum beam-length values are greater than zero 
because the particles are actually distributed in space instead of 
being concentrated in the radiant-mean planes u andj. The true 
beam-length values for all positions of ¢ for both /’,, and 1’;, lie 
between 1’,, of Fig. 14a and, respectively, 1”,, and i”;, of Fig. 140. 

In the case of the former the true value is closer to /”,,, than it 
is to 1’, but for the latter the reverse is true. This becomes 
apparent when noting that for a large fraction, say 90 per cent, 
the burning-particle surface is concentrated near u, whereas the 
ash-particle surface is distributed throughout a considerable re- 
gion on both sides of j. 

Accordingly, curve 1’,, of Fig. 14b is an average of /’,, and 1”, 
in which /",, carries twice the weight that 1’,, carries; and the 
curve l';, is an average of l’,, and 1”;, in which /’,, carries twice 
the weight that i”; carries. These approximations to 1’,, and 
V',, are, of course, closer to the truth than any of the other curves 
shown. They are sufficiently close for present purposes as any 
remaining deviations from the true values affect final results only 
within the error of other necessary approximations. 

Exact evaluation of beam lengths l,., Lj»... 
Equations [40] would, of course, involve the same sort of correc- 
tion as is applied here in arriving at /’,, and /’;, from 1”,, and 1”;,. 
However the error introduced by the omission of this correction 
is negligible for radiation exchanges between u or j and the com- 
plete boundary or between u or j and a considerable fraction of 
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the boundary. This is not the case when c is a patch of surface 
and, as noted, the error is largest in this case when this patch is 
adjacent touorj. Thus it is necessary to consider the correction 
for l’,, and l’;, while it may be omitted in the equilibrium solution. 

Mean values of CO, concentration v’ and of particle-area fac- 
tors a’, involved in evaluation of coefficients G’ and f’ necessary 
to derivation of values for n’ and y’ are shown in Fig. 15. In each 
case the value read from the curve approximates a radiant mean 
for the region through which the radiation passes between the sta- 
tion under consideration and the unit cold area under considera- 
tion. To be strictly correct the quantities v’,,, v’,., and v’;, should 
of course be represented by separate curves. The differences are 
small enough to be negligible for present purposes. These re- 
marks apply also to @’ ANd a’ 

Data from preceding curves are associated in arriving at values 
of coefficients f’ and G’ in accordance with rules outlined in Ap- 
pendix 1 for determination of coefficients f and G. Values of 
n’ and y’ which apply for any given station of a unit cold area are 
then found from the relations 


= (1 — 


where subscript 1 refers to eit err, u, or j. 
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APPROXIMATE MEAN-TEMPERATURE GRADIENT THROUGH THE 
Cavitry 


In the radiant-mean normal plane u the mean effective tem- 
perature of the contents of the cavity lies between 7, and 7’, 
The effective value of its fourth power may be found on the 
basis of a weighted mean. In this the weights for T,‘ and 7;,' 
are, respectively, the emissivities of particles and gases through 
the surface of a sphere, say of unit volume, the contents of which 
average that at normal plane u. This weighted mean 7" applies 
forz = u. 

In the radiant-mean normal plane j the effective mean value of 
the contents of the cavity lies between T, and T;. It may be es- 
tablished on the same basis as before but with reference to con- 
ditions at normal plane j. This weighted mean 7 applies at 
z = j. Usually T, and T; differ by such a small amount that 
a simple average suffices. 

At entrance to the cavity T = 7, and at exit the gas tempera- 
ture will be less than the value 7’, by at least the amount due to 
convectional heat transfer between gas and walls of the cavity 
excluding that through which the gases escape. 

A temperature gradient established on this basis represents the 
radiating mean value of combined temperatures for any point 
along the path and it is presumably the kind of temperature 
value which the authors in (1) and (2) have attempted to estab- 
lish. However, such mean effective values are actually of little 


“use, except near the colder end of the cavity where they differ 


by only small amounts from temperature 7, as corrected for 
convection effects at the walls. 

In other parts of the cavity they represent neither values of 
temperature, as would be shown by an optical pyrometer or 
thermocouple, unless the temperatures throughout including 
those of walls are uniform. Finally it should be noted that eval- 
uation of the distribution of energy absorption as heat over walls 
of the cavity on the basis of temperature values from this gradi- 
ent requires the following preliminaries. Either a radiant-mea0 
position for the gradient values has to be established, or they must 
be interpreted on the basis of the kind of data which are furnished 
in the present analysis. In this respect, reasonable approxima- 
tions from the flame characteristics furnished in reference (2) 
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are probably not readily ascertainable because the radiation to 
each wall point is that from all points within the cavity plus that 
from all other wall points which the considered wall point ‘‘sees.”’ 


Appendix 7 


Snirr or RADIANT-MEAN NorMAL PLANES WITH VARIATION IN 
Rate oF Firina THrovuGH A GIvEN Set or Nozz.es 


Inspection of Equations [65] and [29c] shows that, if other con- 
ditions remain constant, x is proportional to the product W ¢ 
where, as before, W represents the rate of firing. Hence the scale 
of the abscissa x in Fig. 3 is, under such conditions, directly pro- 
portional to the firing rate. 

Since this is true of Fig. 3, it is true also of Fig. 4. Therefore 
the curves of Fig. 4 apply with a given set of temperature values 
T, and T, for any rate of firing W if the abscissa scale z is ad- 
justed in proportion to the shift in firing rate. In this way the z 
position of radiant-mean normal planes may be found for other 
firing rates than that (15,000 Btu per cu ft per hr) employed in 
arriving at the data included in Fig. 6. As before Equations 
{17a} and [17b] are applied to data taken from Figs. 4 and 5 but 
now the scale of the abscissa x in Fig. 4 is adjusted as indicated 
previously. 
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Fie. 16 Suirr or RapIANtT-MEAN PosITIONS Zy, Zp, AND 7; WITH 
VARIATION IN RATE OF FIRING 


F The curves of Fig. 16 are arrived at in this manner. Position 
x = 13.7 on the abscissa is that at which the mean ordinates un- 
der the curves of Fig. 5 fall. This is the position of the radiant- 
mean normal plane for all particles if each particle remains con- 
stant in size as it travels through the cavity. This condition is 
approached if the firing rate is so high that there is insufficient 
time during the travel of the particle through the cavity for any 
appreciable fraction of the combustible to be burned off. It is 
approached also with a firing rate so low that combustion is com- 
pleted practically at the head end of the cavity, in which case 
each particle is an ash particle for practically its whole distance 
of travel through the cavity. 

Thus it is seen that the curve for z, must approach z = 13.7 at 
W = , The curve for zp begins at this point when W: = zero 
and must again arrive at this point on the z-scale when W = . 
The curve for z; must begin at this point when W = zero but as 
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W increases indefinitely the curve approaches the ordinate at z = 
40 ft asymptotically. Thus the exposed ash surface approaches 
zero and hence ash radiation vanishes from the furnace. The 
last statement follows if the coal sample in its initial state con- 
tains no exposed ash particles. This assumption has been made 
in this case. 

It is noted now that position z depends only on the radiation 
geometry of the furnace cavity. Therefore whatever other con- 
ditions vary, each of the curves shown must terminate at its ex- 
tremities, i.e., at W = zero and W = o, at the points indicated. 
Note also that, in view of the temperature results for the case 
investigated (see Fig. 8), the gas temperature T, = 3000 F abs, 
employed in arriving at Fig. 16, applies probably at energy-re- 
lease rates of 30,000 Btu per cu ft per hr or higher. Therefore at 
lower rates of firing the temperature values 7’, must be less. 
Hence curves plotted with effects of such temperature variations 
included would tend to approach the limiting values shown at the 
lower ends of the curves somewhat earlier than appears in Fig. 16. 
In view of preceding statements it is plain that this influence of 
temperature variations on resultant shifts in radiant-mean posi- 
tions in the lower reaches of the curves shown cannot be large. 
Thus it becomes evident that, other than firing rate, the largest 
influence in establishing positions of radiant-mean normal planes, 
for a given furnace cavity, is that due to initial lag in attainment 
of ignition when this lag is considerable. Since any influence in 
final results, of small shifts in radiant-mean normal planes, is of 
but secondary magnitude, it appears as though no great accuracy 
is required for establishment of these positions in so far as tem- 
perature effects are concerned. 

Finally it may be noted that if variations of firing rates are ac- 
complished by varying the number of burner nozzles, all of which 
are located in the same entrance plane and each of which either 
fires full or is shut off, then the radiant-mean position of burning 
particles may remain practically stationary whatever the rate of 
firing whereas that of the ash particles may still shift about as 
shown by the curve z; in Fig. 16. 
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LarGE Sprrat Bevet Gears ON TESTING MACHINES 


Industrial Applications of Spiral Bevel Gears 
and Hypoid Gears 


By ALLAN H. CANDEE,' ROCHESTER, N. Y. 


The paper includes a definition of terms and a general 
comparison of spiral bevel gears and hypoid gears with 
other types. The features and advantages peculiar to 
each type are discussed as are also tooth-contact condi- 
tions, elements of good and bad design, the importance 


DEFINITION OF TERMS 


T SEEMS proper to begin this paper by explaining what is 
meant by the terms spiral bevel gears and hypoid gears. 
Two typical pairs of large spiral bevel gears appear in Fig. 1 

where they are shown mounted on testing machines. Fig. 2 
shows a pair of large hypoid gears similarly mounted. The 
principal difference between the two types of gears is easy to see. 


: ' Mechanical Engineer, Gleason Works. Mem. A.S.M.E. Mr. 
Candee was graduated from Cornell University in 1906 with the de- 
gree of M.E. During his professional career he has been associated 
with the Allis-Chalmers Co. as draftsman and engineer and with the 
Falk Corporation as engineer in the gear department. Since 1923 
he has been with his present concern. 

Presented at the Machine Shop Practice Division Meeting, of THE 
AMERICAN Socrety oF MEcHANICAL ENGINEERS, at Rochester, 
N. Y., May 10-12, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1938, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 


derstood as individual expressions of their authors, and not those of 
the Society. 


of accurate mounting and assembling, size range and 
ratios, materials, and lubrication. 

Numerous illustrations of equipment used in gear 
manufacture are shown and also photographs of applica- 
tions of both small and large sizes in various fields. 


In the bevel gears the pinions are on center, while in the hypoid 
gears the pinion is offset. 

The term bevel as applied to gears is old and refers to their 
angular or conical shape. The characteristic feature of bevel 
gears is that their axes intersect and so are in one plane. The 
present companion term, hypoid gears, has been brought into 
use only in the last dozen years, for gears similar in general ap- 
pearance to bevel gears, but in which the axes instead of inter- 
secting are offset and therefore are in different planes. The 
solution to the problem of correctly designing and cutting the 
teeth of such gears dates back only to 1925-1926. 

The important point is that the designations, bevel and 
hypoid, refer to the disposition of the gear axes. Both terms 
indicate that the axes are not parallel; the word bevel means 
that the axes intersect, while hypoid indicates offset axes. 
Usually the angle between the axes is a right angle but when it 
is not the further designation, angular, is applied. 

The second qualification, spiral, refers to the type of teeth in 
the gears. See Fig. 3. Skew teeth are oblique and straight. 
Spiral teeth are oblique and curved. The two forms should not 
be confused. In the smaller gears, which are generated by the 
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rotating spiral cutter, the curvature is plainly apparent and the 
difference from skew teeth cannot fail to be recognized. In 
large gears, which are produced by a different cutting process, 
the amount of curvature is rather slight, and does not in itself 
have much effect on the running qualities of the gears. In both 
cases, however, the curvature can be varied between gear and 
pinion, and this provides an important and convenient means for 
controlling the amount of contact lengthwise of the teeth. The 
same means of control is lacking in gears with skew teeth, com- 
paratively few of which are manufactured. 

A general division of gearing is into parallel-shaft drives and 
right-angle drives. Often a mechanism being designed or the 
parts of equipment being connected determine the type of gear- 
ing to be used. In a case like the one illustrated in Fig. 4 several 
types of gears have to be combined into one mechanism. It is 
important for the general machine designer to have a good under- 
standing of the comparative features and advantages of the 
several kinds of gears. 


CoMPARATIVE Contact ConpDiITIONS 


All kinds of gears are capable of transmitting smooth motion 
if properly made; but there are differences when durability and 
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LarGe Hyporp GEARS ON TESTING MACHINE 
(Gear about 2 ft diam.) 


strength are considered. The required size of a pair of gears to 
transmit a given load is determined more often by the surface 
durability of the teeth than by resistance to breakage. It is 
proposed to indicate in a very general way where spiral bevel 
and hypoid gears stand in comparison with other types of gears, 
in load-carrying ability. 

The action of gearing involves the transmission of motion and 
power between sliding curved surfaces which at any instant can 
at best have contact in a line. It is thus interesting to think of 
gear teeth as successive pairs of cam surfaces. The amount of 
torque or load which can be carried without damage to the sur- 
faces depends upon such values as the following: 


1 Radius from axis of rotation to contacting surfaces 
2 Length of line of contact between surfaces 
3 Relative curvature of the surfaces 
4 Relative directions between the surfaces and the axis of 
rotation 
Amount of pressure in the direction normal to the surfaces 
Velocity of relative sliding between the surfaces 
Amount of variation of these values over the active por- 
tion of the surfaces. 


NO 
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Figs. 5 to 9 have been prepared to illustrate some of these con- 
ditions in the principal types of gears with oblique teeth. In 
each case the following elements are to be noted: 


1 Two axes of rotation 

2 Tooth surface of the gear 

3 Mean point at which average conditions of contact exist 
4 Gear radius to the mean point 

5 Line (or point) of contact in the tooth surface. 


Tn order to make the comparisons as direct as possible, let the 
following values be assumed to be the same in all cases: 


Gear radius 

Depth of tooth 
Length of tooth 
Normal pressure angle 
Average spiral angle. 


ork 


STRAIGHT TEETH SKEW TEETH SPIRAL TEETH 


Fig. 3) Tyres or BEvEL-GEAR TEETH 
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Then the values for which differences occur in the various 
kinds of gears are: 


1 Length of line of contact 

2 Relative surface curvature 

3 Velocity of relative sliding 

4 Amount of variation from end to end of tooth. 


Taking the various gears in order, helical gears with parallel 
axes and involute teeth, Fig. 5, are basic and the simplest. Con- 
tact on the tooth surface is along an oblique straight line. The 
general conditions of contact are constant from end to end of 
the tooth. 

Helical gears with crossed axes, Fig. 6, represent a fundamen- 
tally different case, because they have only point contact and 
also because there is a considerable component of sliding in the 
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HELICAL GEARS 
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WORM AND WORM WHEEL 
RIGHT ANGLE DRIVE 
AXES OFFSET 


FIG. 7 


POINT CONTACT 


Fias. 5-9 


direction lengthwise of the teeth. They are subject to rapid 
wear even under light load. Although the facts are given in 
textbooks and handbooks, it is surprising how frequently the 
general machine designer adopts these gears when he needs a 
right-angle drive. 

When the arrangement of the gear axes definitely has to be 
the one shown in Fig. 6, the right kind of gears for the trans- 
mission of power is the worm and worm wheel of Fig.7 Here, 
what is called the worm may in fact be the same helical pinion 
shown in the previous figure; but the helical gear is replaced by a 
hobbed worm wheel in which the tooth surfaces wrap around 
the worm to such an extent that line contact is obtained. This 
arrangement gives a pair of gears capable of carrying a load 
satisfactorily, although some of the conditions are not as favor- 
able as in the case of gears with parallel axes. 

Thus, although the surface curvatures in the vicinity of the 
mean point are fairly similar to the case of Fig. 5, there are rapid 
changes toward the sides of the worm wheel. The lines of con- 
tact are curved and their directions change considerably at 
Positions away from the mean point. In addition, there is a 
large component of relative sliding in the direction lengthwise of 
the teeth, which increases heating and wear. Contact in worm 


CoMPARATIVE Contact ConpITiIons IN PrincrpaL Types oF Gears TEETH 


gears has been investigated to a considerable extent, and results 
have been published.? 

For high ratios in a single pair of gears there is no alternative 
to the worm and worm wheel. The higher the ratio, however, 
the lower is the efficiency. The heating caused by low efficiency 
limits the speed at which a given worm can operate satisfactorily 
or safely. In some cases the self-locking feature of single- 
thread worms is a desirable characteristic. For ratios below 
about 20 to 1 the worm drive comes into competition with spur 
and bevel gears, and is usually at a disadvantage as regards 
allowable speeds, efficiency, and the cost of tools. 

In the right-angle drive with spiral bevel gears, Fig. 8, the 
axes are in one plane and therefore intersect Conditions at 
the mean point are much the same as when the shafts are parallel 
and the gears are helical or herringbone. In spiral bevel gears 
the lines of contact are curved somewhat and conditions do not 
remain strictly constant from end to end of the tooth. The 
variations are not great, however, and conditions at the mean 
point are actually a fair average for the whole tooth. The face 


2 See, for instance, ‘‘Worm-Wheel Contact,” by Earle Buckingham, 
Trans. A.S.M.E., vol. 48, 1926, pp. 501-531; also ‘‘A Comparative 
Study of Worm-Gear Contact,”” by Earle Buckingham, Iron Age, 
March 5, 1936, p. 44. 
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width must be limited to about one third of the cone distance. 
If the teeth are extended toward the cone apex beyond this 
proportion, the added portions are comparatively small and weak; 
and there is greater likelihood of concentrating the load at one 
end of a tooth. Best practice calls for a ratio of face width to 
cone distance between 0.25 and 0.3. Too often designers dis- 
regard this rule. 

The bevel-gear pair is the natural choice for a right-angle 
drive; and when speeds are high or when smoothness of motion 
is particularly important, spiral teeth should be used. If for 
any reason, however, the general arrangement of parts or equip- 
ment makes it desirable to displace the bevel pinion away from 
the usual central position with respect to the gear, the teeth 
can be cut by modern methods of generation, and the gears be- 
come hypoid gears, as in Fig. 9. These remain very similar to 
spiral bevel gears in general appearance. Two definite changes, 
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GEAR BOX FIRST DESIGNED FOR HELICAL 
GEARS WITH AXES AT 90° STEEL PINION 
HARDENED AND GROUND, BRONZE GEAR. 
SUBJECT TO RAPID WEAR BECAUSE OF 
LENGTHWISE SLIDING AND TEETH HAVE 
ONLY POINT CONTACT. 


CHANGED TO SPIRAL BEVEL GEARS. 
MATERIAL: STEEL, HARDENED AND 
LAPPE D. DURABLE AND EFFICIENT. 
ALSO MORE COMPACT. 


Fic. 10 GEARBOX 


however, are that the gear and pinion then have different spiral 
angles, and a component of sliding in the direction lengthwise of 
the teeth is introduced. For reasonable amounts of offset be- 
tween the axes of hypoid gears, that is, not exceeding one third 
of the cone distance, the added sliding does not call for any 
special consideration other than a little extra care with respect 
to lubrication. 

The foregoing comparison of the tooth-contact conditions in 
various types of gears with oblique teeth, indicates that gears 
with line contact and moderate face width are all on a fairly 
equal footing, except for differences in the amount of sliding. 
When shafts are or can be parallel, the natural choice is helical 
or herringbone gears. For right-angle drives there are two 
general cases: High ratio, using worm and worm wheel; and 
medium and low ratio, using spiral bevel gears or hypoid gears. 
There have been many instances where a single-reduction worm 
drive has been replaced with advantage by a first reduction of 
spiral bevel gears and a second reduction of helical gears. This 
has usually been done in order to obtain more satisfactory opera- 
tion at higher speeds because of greater efficiency and therefore 
less heating, also accompanied by less wear. In the range where 
worm gears overlap bevel and hypoid gears, the individual de- 
signer should consider the features of these two general types 
of gearing in relation to his requirements and also with reference 
to his sources of supply. Many combinations of spiral bevel 
gears and worm gears have been standardized and are carried 
in stock. If the gears are to be manufactured in one’s own shop, 
the number and cost of special hobs and cutters will be one of 
the important items. 
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As long as the shafts can be kept on center, spiral bevel gears 
should be used. When there is some good reason for offset 
shafts, however, hypoid gears are available. Hypoid gears 
have been found to be smoother in action and much stronger in 
the usual arrangement than spiral bevel gears. 

Helical gears with crossed axes, having only point contact in 
contrast to the line contact in other types, are not satisfactory 
for transmitting power. They are looked upon as makeshifts by 
those familiar with gear manufacture and gear applications. It 
is usually a simple matter te change to either worm drive or 
bevel gears. The worm drive might require the making of a 
special hob; but the bevel gears could probably be generated by 
cutters already available. 

A recent instance of this kind of change is shown by the gear- 
box in Fig. 10. The designer intended to use so-called spiral 
gears to transmit power from a 5-hp motor. The dotted section 
in the lower view indicates how spiral bevel gears should be used 
to provide a really durable and satisfactory Job. 


GEAR SPECIFICATIONS—M ATERIALS—LUBRICATION 


The design of gears is still mostly empirical, being based upon 
the experience of manufacturer and user. It is almost always 
necessary for the general designer to refer his requirements to a 
responsible gear manufacturer for final specifications. 

Most bevel and hypoid gears are made of steel hardened after 
cutting, which is the strongest and most durable gear material 
under ordinary conditions. The teeth are frequently, but not 
always, lapped after hardening. Grinding of teeth is performed 
to a limited extent. 

Proper lubrication of gearing is always important. The re- 
quirements with bevel gears are much the same as with spurs 
and helicals. At ordinary speeds a splash method is adequate. 
At pitch-line velocities higher than 2000 ft per min, good practice 
calls for some kind of forced lubrication to deliver oil directly to 
the gear teeth. Hypoid gears usually require one of the extreme- 
pressure lubricants which have been developed for the purpose. 
There is no trouble when recommended practice is followed. 


ContTrROL oF Tootu SHAPE IN GEAR CUTTING 


The fact that there must be tolerances in the manufacture and 
installation of gears and also that changes are caused by heat- 
treatment and by deflections or displacements under various 
amounts of load, makes it desirable to be able to generate gear- 
tooth surfaces with slight modifications. In cutting helical 
gears and worm gears, hobs and cutters almost always operate on 
both sides of the teeth at the same timé, and no changes in 
machine settings can be made to effect the tooth shapes produced. 
Corrections or modifications have to be made by regrinding the 
tools. In cutting bevel gears ‘and hypoid gears, however, the 
pressure angle, spiral angle, profile curvature, and lengthwise 
curvature can all be affected by adjustments of the generating 
machine. Usually the two sides of the teeth can be modified or 
corrected separately. The various machine adjustments thus 
provide a degree of control of tooth bearing, unknown in manu- 
facturing other types of gears. Proper tooth bearings mean 
smoother and safer gears in service. 


Size Rance or Sprrat Bevet Gears AND Hyporp GEARS 


Spiral bevel gears and hypoid gears fall naturally into three 
groups: small, intermediate, and large. This is partly on the 
basis of use and partly on the basis of the machines and tools 
employed to generate the teeth. The total range of present 
machines for generating spiral bevel gears is from diameters well 
under 1 in. up to 100 in. Hypoid gears are produced on equip- 
ment which is generally similar to that for spiral bevels, but they 
are not made as yet under about 3 in. diam. 
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Gueason 90-IN. Sprrat-Bevet-GEAR PLANING GENERATOR 


Fie. 11 Gueason 3-In. Sprrat-Bevet-GEAR GENERATOR 


The intermediate size, say from 4 in. to 24 in. diam, includes 
the large production of automotive gears for rear-axle drives as 
well as gears for general industrial purposes. These gears and 
also those which are smaller are generated by the Gleason spiral 
cutter, and can usually be recognized by the considerable curva- 
ture of the tooth spirals. The larger gears are produced by what 
is called the planing-generator type of machine. 


EXAMPLES OF MANUFACTURING EQuiIPpMENT 


The smallest machine is the Gleason 3-in. spiral-bevel-gear 


13. Gueason SurFaceE-HARDENING MacHINE FOR LARGE 
GEARS 


Fra. 


generator shown in Fig. 11. This machine uses the spiral cutter, 
which is sometimes described as a face mill. The generating 
motion is obtained from rolling segments, which are plainly seen 
in the picture. 

The largest machine is the Gleason 90-in. spiral-bevel-gear 
planing generator, Fig. 12. When originally built this machine 
was designed for a maximum gear diameter of 90 in. Recently 
its capacity has been increased to 100 in. diam for flat gears. 
This type of machine uses a single planing tool. The method of 
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Fig. 15 Pinion up 0.020 in. 


Fig. 18 Pinion out 0.020 in. Fig. 19 Gear out 0.020 


Fies. 14-19 Errect or RELATIVE DISPLACEMENTS ON TooTH BEARING IN SPIRAL BeveL GRARS 


weg 
Fig. 14 Gears on center 
ip le Fig. 16 Pinion down 0.010 in. 
Fig. 17 Pinion in 0,020 in. 
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BAD DESIGN 
Fig. 20 


Face width too great, more than one third of cone distance. 

Metal at small end of pinion between teeth and bore too thin for proper 
strength. Cutter would interfere seriously with arbor in cutting operation. 

Webbed section of steel ring gear adds to cost of material and machining. 

Use of rivets to hold gear to hub introduces danger of runout. 

A setscrew is inadequate to hold gear in correct axial position, and tends 
to “‘cock"’ gear on shafé. 

Pinion held on shaft only by fit of bore. 

An overhung pinion cannot be held in line by one double-row bearing. 

No means of adjustment for definitely placing gears in correct mounting 
position. 

Pinion and bearings can be 


operation was described previously in the publications of the 
Society.? 

A rather new piece of equipment is the Gleason surface- 
hardening machine shown in Fig. 13. The surfaces of a tooth 
are hardened by slowly traversing oxyacetylene flames along 
the two sides. The physical characteristics of the material in 
the interior of the teeth and gear rim are controlled by selection 
of steel and heat-treatment before the teeth are cut. This sur- 
face-hardening method is used for teeth of 3 diametral pitch and 
larger. It causes no measurable distortion and for large gears is 
less expensive than general heating and quenching in the manner 
common for ordinary sizes. 


Errect oN Tootn BEARING OF RELATIVE DISPLACEMENTS OF 
PINION AND GEAR 


The one purpose of all the ingenuity applied in developing 
gear-generating methods and all the effort expended in obtaining 
correctness and accuracy in gear cutting and other manufactur- 
ing operations, is to obtain satisfactory tooth contact when the 
gears are running. This means not only smooth operation free 
from vibration and noise, but also proper tooth-bearing areas on 
the tooth surfaces. In running the gears, either on test or after 
assembling, the tooth bearing is easily shown by painting the 
tooth surfaces lightly and then running the gears under light 
load for a few seconds. This method of inspection is the final 
evidence of the conditions in the tooth action. 

In obtaining the results desired, the mounting and installation 
of the gears are as important as the manufacture Gears of the 
greatest possible correctness and accuracy will fail torun smoothly 
and quietly. and may even wear out in a few hours of operation, 
if when installed, they do not have proper tooth bearing. Figs. 


*“Large Spiral Bevel and Hypoid Gears,” by Allan H. Candee, 


Trans. A.S.M.E., vol. 51, 1929, paper MSP-51-9, pp. 59-68. 
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GOOD DESIGN 


DESIGN AND ARRANGEMENT OF SpiRAL Bevet GEARS. COMPARISON OF GooD AND BaD PRACTICE 


Face width reasonable, less than one third of cone distance. 
Sufficient metal at small end of pinion to provide strength and avoid inter- 
ference of cutter with arbor. 


Section of ring gear simpler and more direct in design. Gear is supported 


_ directly on back and is centered on large bore. 


Screws to hold gear to hub are preferable. 

Gear is positively held in position on shaft. 

Pinion locked in position by washer and screw. 

Pinion rigidly supported by addition of inboard bearing. 

Adjusting washers provided, to be ground to thickness required to obtain 
correct position of pinion and gear. 


assembled as a complete unit. 


14 to 19 show the effect on the appearance and location of the 
tooth bearing in spiral bevel gears when various intentional dis- 
placements were made. The gear and pinion diameters were, 
respectively, 38 in. and 9.5 in. 

Fig. 14 shows a representative tooth bearing when the gears 
are on center. Note that the contact does not extend fully to 
the ends of the teeth, also that it does not run heavily over the 
top in either gear or pinion. The picture was taken with the 
gears mounted on a testing machine and only a light load was 
applied. Under full load the area of tooth bearing would be con- 
siderably greater. 

The other views show what happened to the tooth bearing 
when small relative displacements of the pinion were introduced. 
Figs. 15 and 16 show the results of vertical displacement, or the 
displacement of the pinion shaft parallel to itself at right angles 
to the plane of intersection of the two shafts. In Fig. 15 the 
pinion was raised 0.020 in., which produced what is called a 
cross bearing. The contact is shifted endwise in opposite direc- 
tions on the two sides of the teeth. In spite of the 0.020-in. dis- 
placement, the conditions of tooth contact are still reasonably 
good and the gears would be satisfactory in operation. It is 
apparent, however, that with further displacement in the same 
direction the tooth bearing would run heavily over the end edges 
of the teeth, resulting in dangerous load concentrations at those 
points. Besides the danger of breakage there would be serious 
impairment of smoothness of operation. 

In Fig. 16 the pinion was lowered 0.010 in. The tooth bear- 
ings were shifted in the opposite directions, but only about half 
as much as in Fig. 15. 

Figs. 17 and 18, show the results of displacing the pinion hori- 
zontally in the direction of its axis. In Fig. 17, pinion is in 
0.020 in., and the principal effect is to move the tooth bearing 
toward the tops of the pinion teeth and toward the bottoms of 
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COLLECTION OF SMALL SPIRAL BEVEL GEARS 


(Largest diameter 4.5 in.) 


the gear teeth on both sides. There is also a less noticeable 
shifting in the endwise directions. Fig. 18 shows the opposite 
displacement, the pinion out 0.020 in. 

The final illustration in the group, Fig. 19, shows the effect of 
a displacement of 0.020 in. outward in the direction of the gear 
axis. The tooth bearings are shifted slightly toward the top of 
the pinion tooth on both sides, and also slightly in opposite 
lengthwise directions. This kind of displacement has less effect 
than the others. 

The fact that gears of this type can be set out of the best 
running position by the amounts indicated, and still have fairly 
satisfactory tooth contact, is due mostly to the lengthwise curva- 
ture of the teeth and particularly to the slight difference in curva- 
ture between gear and pinion. This condition is under complete 
control in manufacture, and is one of the most important features 
of the curved teeth in spiral bevel and hypoid gears. 


IMPORTANCE OF ACCURATE MOUNTING 


It may be said that a pair of gears is only as good as its tooth 
bearing. It should be apparent that effects on tooth bearing 
similar to those shown on the testing machine will result if similar 
displacements occur when the gears are in service. Spiral bevel 
and hypoid gears are manufactured with reasonable tolerances 
for running position, but unless proper care is taken with installa- 
tion, the tooth contact required for satisfactory operation may 
be lacking. It is therefore important for the user to see that 
gears are properly mounted and assembled. 

Fig. 20 is given to show examples of bad practice and good 
practice in the design and arrangement of spiral bevel gears. 
It is hoped that such a direct comparison will be instructive. 


The designer also has his share in the responsibility for successful 
gear operation. The features to be noted are listed under the 
drawings. 

Probably the errors illustrated in the example of bad practice 
never all occurred in the same design, but they are frequent in- 
dividually. The manufacturers of gears and other equipment 
are always glad to furnish suggestions and advice, as they are 
directly interested in the success of their products. 


INDUSTRIAL APPLICATIONS 


The number of small spiral bevel gears in Fig. 21 is too 
large for individual descriptions. Some of the smaller gears 
are for sewing machines. An interesting application of 
gears of the sizes appearing in the illustration is in instruments 
of the kind represented by military fire-control devices. One 
feature of bevel gears which has been valuable for such work, is 
the adjustability of backlash on fixed centers. This adjustment 
is made simply by selecting washers of proper thickness to be 
placed at the backs of the gears to hold them in the right position. 
Spur gears do not have this feature. 

There are many cases where small cast bevel gears are used at 
present because of cheapness and because it has not been real- 
ized how much improvement in quietness and smoothness occurs 
when generated spiral bevel gears are substituted. The dif- 
ference in cost between generated gears and cast gears becomes 
less with each new development in cutting equipment and 
methods, and already may cease to be the deciding factor when 
quality is a consideration. 

Figs. 22 and 23 show bevel gears used in small portable electric 
tools. Pinion teeth are cut directly on the shafts of high-speed 
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motors, in order to obtain compactness and a minimum of parts. 
The spiral bevel gears in the rotary oil burner in Fig. 24 are 
used as a speed-increasing drive. Noiseless operation is an im- 
portant requirement for such an application. 
In these pictures of small spiral bevel gears, the curvature of 
the spiral teeth is quite apparent. The larger gears which follow 
are mostly of the type cut on the planing-generator machines, 


Fie. 22.) SMALL Sprrat Bevet Gears 


(Pinion teeth cut directly in armature shaft, for 10,800-rpm motor. 14/84 
teeth, 22 diametral pitch, gear 3.825 in. diam.) 


Fic. 23 SprraL BEVEL GEARS IN FRAME OF CLOTH CUTTER 
(6800-rpm motor; cutting knives, 4 to 6 in. diam.) Fig. 25 Larce Sprrat Bevet Gears For 72-In. Bortnc MILL 


2 
H 
\ Fie. 24 Sprrat Bevet Gears In Domestic Om BuRNER 
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Fie. 26 Larce Sprrau Bevet Gears FOR DEEP-WELL CENTRIFUGAL 
Pump 


(Vertical shaft, speed-increasing unit: 1000 hp, 220/283 rpm, 47/60 teeth, 
1%/, diametral pitch, 6-in. face width, 22.86/34.28-in. pitch diameters.) 


and the teeth appear to be straight and oblique. All of the gear 


teeth shown in the illustrations actually have some curvature; 
and as has been explained, the length of tooth bearing can be con- 
trolled by convenient methods not applicable to skew teeth which 


have straight-line elements. 

One of the first applications of large generated spiral bevel 
gears was to the table drive in boring mills. See Fig. 25. Before 
the large generating machines were built, such gears had to be of 
the older, planed, straight-tooth type. The change to gener- 
ated, spiral teeth made a noticeable improvement in the smooth- 
ness of finish on turned surfaces. 

Fig. 26 is a close-up of the 
gears in a centrifugal-pump 
drive. This happens to be 
of British design and manu- 
facture. The gears, however, 
were cut on a Gleason planing 
generator. An engineering fea- 
ture worth mentioning is that 
the weight supported on the 
vertical shaft is mostly counter- 
balanced by the thrust com- 
ponent of the tooth load. 

Spiral bevel gears with hard- 
ened teeth are coming to be 
important elements in steel- 
millequipment. Fig. 27 shows 
one of the gear drives for a 
section of a rod mill recently 
completed. This mill was 
planned at first with gears on 
parallel shafts, as had been the 
usual practice. Later the 
right-angle arrangement was 
found to give a more compact 
design, and so it was adopted. 
The whole drive contains four 
pairs of spiral bevels in the 


OCTOBER, 1938 


roughing section, five pairs in the intermediate section, and six 
pairs in the finishing section, which is shown in the picture. 

The driving gears in each section were mounted on the long 
main shaft without requiring any special accuracy of position. 
The pinion heads were designed to be independently adjustable 
in three directions. This made it possible to line up each bevel 
pinion with its gear so as to obtain the proper tooth bearing. 
The mill is operating very satisfactorily. 

Hypoid gears are still quite interesting even to the manu- 
facturers. A rather unusual pair is shown mounted on the 
testing machine in Fig. 28. These are angular hypoid miters 
with 36 teeth in both gears. The unusual arrangement makes 
it possible for the hypoid pair to replace a pair of spurs and 
a pair of bevels in a newspaper printing press. Two charac- 
teristic hypoid features are plainly apparent: The unsymmetri- 
cal pressure angles on the two sides of the teeth, and the fact 
that the back cone surfaces are not tangent, as they are in 
bevel gears. 

Fig. 29 shows one of these gears in the generating machine. 
Hypoid generation is accomplished by setting the work above or 
below center. The vertical adjustment on the upright of the 
hypoid workhead makes this possible. 

One of the finest applications of hypoid gears yet made is in 
the drives for drier rolls in papermaking, Fig. 30. Older prac- 
tice has been usually to drive such rolls by spur-gear trains. 
Chain drives have also been employed. When spurs are used, 
either the gears have to be larger in diameter than the rolls or 
else intermediate idler gears must also be employed. Such 
trains cannot be properly enclosed, lubrication is uncertain, and 
the open gears collect loose material which becomes a fire hazard. 
Adequate guarding is practically impossibie, so that the gears 
are dangerous to attendants. Finally in a spur-gear train, the 
first gears have to transmit the power for all the rolls. 

The photograph shows a section of four rolls with hypoid-gear 
drives. Similar sections can be connected in groups up to 20 or 
30 rolls. Connection is made simply by coupling the drive 
shafts carrying the hypoid pinions. Increased separation be- 
tween rolls to obtain better drying conditions is only a matter of 
lengths of shafts. Each pair of gears is wholly enclosed as a self- 


Fic. 27 Larce Sprrat Bevet Gears FOR STEEL MILL 


(Finishing section of drive for rod mill.’ 
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contained unit. This makes proper lubrication easy, protects 
the gears, removes all fire hazard, and provides complete guard- 
ing for safety. Even the connecting drive shafts may be covered 
by tubular guards, so that the only exposed moving parts are the 
rolls. The tooth load in each pair of gears is only for the one roll 
which it drives, not for the whole machine. 

The chain drive in the picture was used for a running test in 
the shop. The nozzle opening at the center of each gear housing 
is for connecting steam, the heat being required in the paper- 
drying process. This is one of the best instances of the design 


28 Fic. 29 Currinc or Hypom Gear on PLANING GENERATOR 


ANGULAR Hypoip Mirer Gears 
(For newspaper printing press: 66° 17’ shaft angle; 36/36 teeth, 3 diametral 
pitch, 2.250-in. face width, 13.55/12.53-in. outside diameters, 2.750-in. 
offset, 30° 13’/14° 50’ spiral angles.) 


am 4 


Fie. 31 Gear ror Rattway Locomortve AXLE 
(54/58 teeth, 2.07 diametral pitch, 6-in. face width, 28-in. diam, 5-in. offset.) 


Fic. 30 Hypror-Grar Drives ror Paper 
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possibilities of hypoid gears, whereby several pinions can be 
mounted on a continuous-drive shaft. 


APPLICATIONS TO TRANSPORTATION 


Fig. 31 is a hypoid-gear drive for a railway locomotive axle. 
The picture shows the bottom of the gear case with the lower 
cover removed to expose the gears. In the running position the 
hypoid-pinion shaft is above and may be cross-connected to two 
or more axles. A locomotive with two of these geared axles was 


Fig. 32 Sprrat Bevet GEARS FoR MoTrorBoaTt DRIVE 


(30/31 teeth, 5 diametral pitch, 2.75-in. face width, 6.0/6.2-in. pitch diame- 
ters, 29.17-in. cone distance, shaft angle 12 deg.) 


placed in service more than 2 years ago, and the gears have ful- 
filled all expectations. At the present time there is an active 
interest in gear drives for locomotives of various types including 


steam, electric, and Diesel. Development is being retarded by 
the economic situation. 

The spiral bevel gears in Fig. 32 might almost be mistaken for 
helical spur gears. The shafts are not quite parallel, however. 
The slight lengthwise curvature in the teeth was used to obtain 
localized contact in the way that has been described, so as to 
make impossible the concentration of load at the ends of the teeth. 
Some motorboat drives are built with parallel shafts, but the 
design shown in the photograph allows the propeller shaft to 
slant down toward the stern of the boat while the motor is hori- 
zontal. Although these gears are only 6 in. diam, their long cone 
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Fig. 33. Sprrat BEVEL GEARS FOR AIRCRAFT 


(Planetary reduction gears for propeller drive: ‘‘Zerol’’ teeth, hardened and 
ground.) 


distance required them to be cut on a bevel-gear planing gen- 
erator of 60-in. capacity. 

A field in which gearing and other types of equipment meet the 
most severe tests is aircraft design. The final illustration, Fig. 
33, shows a planetary bevel-gear arrangement. This is a type of 
2-to-1 reduction used both in this country and Europe between 
motor and prop-ller. The use of six planetary pinions is an ex- 
ample of the kind of thing that has to be done in aircraft design 
in order to obtain large power capacity in the smallest space and 
with the minimum weight. 

Most of these drives have used straight-tooth bevel gears. 
The example shown has ‘‘Zerol’’ gears with ground teeth. Zerol 
is a trade-marked name for gears cut on spiral-bevel-gear equip- 
ment with zero spiral angle. This is done to avoid the thrust 
components of load caused by oblique teeth, so that bearings can 
be designed the same as for straight teeth. 

The teeth are ground after hardening to correct any distortion 
caused by the heat-treatment, and also to improve accuracy and 
uniformity so that the load will be equally distributed among 
the six pinions. 

The examples of gear applications which have been given of 
course do not represent a complete list, and selections were de- 
termined mainly by the availability of suitable photographs. 
Applications in new fields are being made continually. 
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Problems in Modern Deep-Well Pumping 


By C. J. COBERLY,' HUNTINGTON PARK, CALIF. 


The author points out that special problems are involved 
in pumping oil from wells drilled to depths of 10,000 ft or 
more. He discusses the limitations of sucker-rod pump- 
ing; in lieu of an exact analysis, approximate relations are 
presented which are both useful in design and in indicat- 
ing the conditions which must be fulfilled to lift profitable 
quantities of fluid from this depth. 


15,004 ft, is now producing from 13,175 ft. A number of 

wells in various fields in the United States are producing 
from depths in excess of 10,000 ft. In 1928 Marsh (1)? stated: 
“It is uncommon to pump wells at depths greater than 5000 
ft.” Since that time many deep sand fields have been developed 
which are now being pumped or soon will have to be pumped. 
It is probably safe to state today that it is uncommon to pump 
wells from depths greater than 7500 ft, but with drilling pro- 
grams in process below 10,000 ft the need for pumping means 
which will handle large volumes of fluid at 10,000 ft or more is 
a reality which must be given consideration. 

Furthermore, fluid capacity in deep wells is of greater impor- 
tance than in shallow wells, because of the greater drilling and 
lifting costs and the resultant greater revenue which must be 
derived from the well to make its operation profitable. Wilhelm 
(2) states: “Hydraulic pumps, long-stroke units, and double- 
acting pumps have not as yet justified their early promise of 
meeting the problem of successfully lifting large quantities of 
fluid from deep wells.” 

On June 1, 1937, there were 37 wells in the world which were 
more than 10,000 ft deep.* 

This paper points out some of the important problems and 
limitations of the present pumping methods on the assumption 
that the reader is familiar with the equipment customarily em- 
ployed in pumping. The sucker-rod form of pump is the oldest 
and most common; it was used in 1859 to pump oil from the 
62-ft Drake discovery well and is being used today in pumping 
the deepest rod-pump well at Rosecrans, Calif., which is 8287 ft 
deep. 


()': WELL, drilled recently in California to a depth of 


VIBRATION PROBLEM 


The transmission of power through an oscillating pump rod 
involves many variables, some of which cannot be fully controlled. 


1 President, Kobe, Inc. Mem. A.S.M.E. Mr. Coberly was 
graduated from Stanford University in 1915 with A.B. in mechanical 
engineering. For the next two years he was connected with the 
Southern California Edison Co., in Los Angeles, as draftsman on 
the design of special heavy machinery and substation layouts. 
From 1918 to 1924 he was associated with the California Compressed 
Gas Co., as engineer and plant superintendent. Since that time he 
has been with his present concern. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

**Petroleum Facts and Figures,” 1937 edition, American Petro- 
leum Institute. 

Contributed by the Petroleum Division and presented at the Spring 
Meeting of THe AMERICAN SocieTY OF MECHANICAL ENGINEERS, 
held at Los Angeles, Calif., March 23-25, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1938, for publication at a later date. 
Discussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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The effect of others may be observed in the action of the pump, 
but are difficult to predict because of the lack of a complete 
rational solution. The oscillation has a low frequency, high 
amplitude, and is of approximately harmonic shape with fairly 
high damping. The mass of the system is distributed and the 
time of stress transmission is a high percentage of the period of 
oscillation. Reflected stress, natural periods of vibration and 
their harmonics, and certain transient phenomena complicate the 
problem and make its solution difficult. Kemler (3) has made a 
mathematical analysis of the problem with electrical analogies 
which assist in its study. Kendrick and Cornelius (4), Reiniets 
(5), and Slonneger (6) recently presented valuable contributions 
to the problem leading to an exact solution. 

This paper also points out some approximate analyses of the 
sucker-rod problem which may be applied to the selection and 
operation of pumps of this type. For static loading, which slow- 
speed pumping approximates, the relations given are quite exact, 
but for dynamic loading they are only approximate due to the 
assumptions made. However, they do show the trend and indi- 
cate optimum conditions. They are simple to apply and are 
offered with these limitations for their value in selecting equip- 
ment and predicting results. 


SucKER-Rop MaTERIALS 


As production is taken from greater depths, the limiting factor 
of the load that can be carried and hence the amount of fluid that 
can be lifted is the permissible maximum stress and range of 
stress which the sucker rod will stand without excessive breakage. 
It has been shown by Wescott and Bowers (7) that the endurance 
limits of sucker-rod steels vary widely. The limits of all steels 
are greatly reduced under corrosive conditions. Table 1 gives 


TABLE 1 PHYSICAL PROPERTIES OF SOME SUCKER-ROD 
MATERIALS 
Yield Air Brine H.S. brine 
point, endurance, endurance, endurance, 
lb per lb per lb per lb per 
Material sq in sq in. sq In. sq In. 
Wrought iron.... 42100 30400 19600 16400 
S.A.E. 4130..... 111300 70100 26900 14100 
S.A.E. 4615..... 58500 48600 33100 19900 


Quenched at 1550 F. 
Drawn at 1150 F. 


the tensile strengths of three different sucker-rod materials. 
Many wells are operating with sucker-rod stresses of 30,000 Ib 
per sq in. or more, as computed from polished-rod dynagraphs. 
This would seem excessive except in wells free from corrosion. 


Rop S1zEs 


Sucker-rod sizes most commonly used are °/s, */4, and 7/s in., 
although 1 and 1'/;-in. sizes are now listed by the American 
Petroleum Institute. Table 2 gives the load capacities of various 


TABLE 2 ROD DATA 
Rod size, Rod area, Rod weight Load capacity at the following stresses, Ib: 
i 5000 20000 30000 40000 50000 


in. sq in. Ib perft 1 
5/8 0.3068 1.13¢ 4610 6140 9200 12270 15340 
3/4 0.4418 1.634 6630 8840 13250 17670 22090 
/s 0.6013 2.164 9030 12030 18040 24050 30065 
0.7854 2.854 11800 15710 23560 31420 39270 
1'/s 0.9940 3.706 14900 19880 29820 39760 49700 
1'/s 1.2272 4.606 18400 24540 36820 49090 61360 
1'/2 1.7671 6.606 26500 35340 53010 70680 88355 


* Lengths of 30 ft with upset and coupling. 
>» Estimated—-sizes larger than 1 in. are not in regular production. 
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sizes of rods. Other sizes have been contemplated and will be 
required if producing by rod pumping is to keep pace with present- 
day drilling programs. 
Static LOADING 
The total load is the rod load plus the fluid load and, since the 
rod load is proportional to the depth, the net or fluid load is the 


total load capacity of the rod minus its own weight. In air, 
the stress in a rod of uniform cross section due to its own weight is 


while in water with a specific gravity of 1.0 
[la] 


where S = unit stress, lb per sq in., and L = length of the rod, 
ft. 
The permissible fluid load is 


W = (S — 2.97L)a,............ 


where a, = rod area, sqin. The permissible fluid load with rods 
of uniform cross section is the total-load capacity of the rod 
minus its own weight. Fig. 1 shows the stress in the rod as a 
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function of depth. Fig. 2 shows the fluid-load capacity with 
unit stress, rod size, and depth as variables. The permissible 
pump diameter can be determined from the relation 


d = 1.52 dv/[(S/gL) — 2.97].......... .. [3] 
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where d = pump diameter, in.; d; = rod diameter, in.; S = 
unit stress in the rod, lb per sq in.; L = depth, ft; and g = 
specific gravity of the fluid. 

The selection of plunger size based on these simple relations 
assumes static conditions and uniform rod size. Statie conditions 
are approximated in slow pumping (under 10 strokes per min) and 
uniform rod size is common practice in wells less than 5000 ft in 
depth. 

Rod Stretch and Pump Displacement. Rod and tubing elonga- 
tions are important factors in the selection of a pump size. It 
was pointed out by Sargent (8) that in deep wells it often is 
possible to increase production by reducing the pump size as the 
accompanying reduction in stretch gives a net stroke at the pump 
which more than compensates for the reduction in pump area. 
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Fig. 3.) Ratio or Pump DiaMETER TO Rop DIAMETER FOR A GIVEN 
DeptH AND LENGTH OF STROKE FOR Maximum Propwcrion 


It can be shown mathematically that for uniform rod strings, 
within the elastic limit of the material, maximum production will 
be obtained when the pump area is selected so that the stretch of 
the rod is one half the polished-rod stroke. The pump area for 
maximum production (tubing free) can be expressed as 


10.39gL? + :) 


where A = area of pump plunger, sq in.; 1, = stroke at polished 
rod, in.; HZ = modulus of elasticity, 30,000,000 Ib per sq in.; 
a, = rod area, sq in.; a, = area of tubing, sq in.; g = specific 
gravity of the fluid (water at 60 F = 1.0); and L = length of 
tubing, rods, and fluid level, ft. 

The pump area for maximum production with the tubing 
anchored can be expressed as 


This brings out some significant facts. First, the plunger area for 
maximum production is directly proportional to the stroke at the 
polished rod and to the area of the sucker rod. Second, the 
plunger area for maximum production is inversely proportional 
to the square of the depth. It is not always possible to use areas 
as large as indicated by this relation without exceeding the per- 
missible maximum rod stress. 
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StartTinG 7/3 In. DIAMETER AT THE Pump 


Fig. 3 shows the ratio of pump diameter to rod diameter for 
maximum production for anchored tubing. 

The stress limitation for uniform rods indicates the necessity 
of tapered strings for deep wells. 

Tapered Rod Strings. The design of tapered rod strings in- 
volves the selection of a proper size of rod for the pump diameter 
and depth to stay within the allowable stress. This size is used 
for the bottom section. Where the rod stress exceeds the allowa- 
ble due to the rod weight plus fluid load the next larger size is 
selected. Several changes in size may be required to keep the 
maximum stress within the proper limits. Kemler (9) has pre- 
sented an excellent paper on the design of step-tapered rod strings. 

For a continuously tapered rod string with equal stress through- 
out 


a,, S 
where a,, = rod area at the pump, sq in.; a, = rod area at any 
point L distant from the pump, sq in.; W = weight of rods in 
liquid, Ib per cu in.; S = allowable unit stress, lb per sq in.; and 
L = distance from pump, ft. Thus, from Equation [6], the rod 
diameter at any distance from the pump for a uniformly stressed 
tapered rod string may be determined. Figs. 4 to 7, inclusive, 
show this relation for °/;-in., 7/~in., and 1-in. diameter 
rods at the pump and for the unit stress shown. These charts are 
based on static loading. To apply an approximate acceleration 
correction, S/(1 + a/g) replaces S, where a is the acceleration 
as determined from Equation [9] and g is the acceleration of 
gravity. However, S should be used in computing the correct 
size at the lower end for carrying the fluid load. The pump size 
which can be carried by a given rod with water as the fluid and 
various unit stresses is shown in Fig. 8. 
Since the unit stress is uniform throughout the rod length when 
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the fluid load is on tapered rod strings, the elongations can be 
determined from the relation 


When the plunger is moving down, that is, when the rod is sus- 
pended in the fluid, the elongation is 
SL S? 


Therefore, the change in elongation due to the fluid load is 
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The net pump stroke / is 1 = 1, — e,, and S = 0.433gLA/a,,. 
a,, is chosen for each value of A to give the required S. The 
net stroke and hence the production per stroke will be propor- 
tional to 1, — e,. Therefore, the production per stroke will in- 
crease with 1, and also as e, is made smaller by designing the 
rod string for lower stress S. 

Fig. 9 shows the elongation of tapered rods under their own 
weight designed for the unit stresses shown. The elongation of a 
straight rod is also shown for comparison. Fig. 10 shows the 
elongation of tapered rod strings due to fluid load and total elon- 
gation due to fluid load plus rod load. From the curves for 
elongation due to fluid load, the stroke efficiency for a given 
polished-rod stroke can be computed. It can readily be seen 
from Fig. 10 that with slow-motion pumping very long strokes 
are required to obtain reasonable stroke efficiency. 


Dynamic LOADING 


Dynamic loading is a factor which must be considered when 
higher speeds are used. Since the mass to be accelerated is dis- 


v O05 


] 


) 


4 


oo» 


w 


4 
2 


ELONGATION 


6 


ROD LENGTH 


ROOS IN AIR 
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tributed over the full depth of the well, the rate of transmission 
of stress in both the rod and the fluid are factors which cause a lag 
and put the pump motion out of phase with the crank motion of 
the pumping unit. The amount of lag may be large in deep wells 
and at high speeds. The rate of stress transmission in steel is 
approximately 17,000 fps. If a well depth of 8000 ft and a 
pumping speed of 20 strokes per min are assumed, the time for the 
stress to reach bottom is 0.47 sec. The time for the upstroke 
of the pump is 1.5 sec; therefore, the crank moves approximately 
one sixth of a revolution or the polished rod moves up one quarter 
of its stroke before the stress is transmitted to the bottom. 
‘Therefore, the maximum load due to acceleration is delayed and 
reduced in magnitude below the theoretical load where the time 
of transmission of stress is neglected. 
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The acceleration of the fluid load involves other variables 
which cannot be estimated with any degree of accuracy. The 
rate of stress transmission in the fluid being lower than in steel 
(approximately 4500 fps) the lag in the foregoing example 
would be 1.8 see, which is more than one half a revolution behind 
thecrank. This lag is added to the rod lag and may put the fluid 
acceleration factor nearly a full revolution out of phase. 

Another factor which lessens the importance of the acceleration 
of the fluid is the compressibility of the fluid (10). The coef- 
ficient of compressibility of water is approximately one hundred 
times that of steel, while that of oil is 150 or more times that of 
steel. A 6-ft stroke of a 1'/2-in. plunger at 8000 ft discharging 
into a filled string of 2'/,-in. tubing could only increase the pres- 
sure in the system approximately 60 lb per sq in. if the outlet at 
the surface were closed. This is negligible compared with the 
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normal static pressure of 3000 lb per sq in. on the plunger at this 
depth. Therefore, the acceleration of the fluid load can be elimi- 
nated as a problem. 

Therefore, the most important factor in the dynamic loading 
of the rod is the acceleration of the rod itself. Assuming simple 
harmonic motion, this acceleration factor is 


a = 1,N2/2183 


expressed in ft per sec per sec, or in terms of the acceleration of 
gravity, expressed in per cent 


a/g = 1,N?/705 


The crank angle of the pitman and variation in angular velocity 
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of the crank may further increase this acceleration. The factors 
for pitman correction are given in Table 3. For a 72-in. 
stroke and 20 strokes per min, the acceleration for harmonic 
motion would be 41 per cent above gravity, while with a ratio 
of pitman length to crank length of 4 it would be 51 per cent. 

There are other variables which affect the total load on the rod, 
such as friction and reflected stresses in the oscillating system. 
These are evident in some dynamometer cards, but their magni- 
tude cannot be predicted with any degree of accuracy. 

Fig. 11 shows a typical polished-rod dynagraph from a well 
equipped with a 1'/:-in. pump and a combination of */;in. and 
7/,-in. rods, operating at 16.7 strokes per min. The rod load 
plus the fluid load, and the rod load are shown by the horizontal 
lines and represent the theoretical maximum and minimum loads. 
The variation in load as shown by the dynagraph is due to 
dynamic loading, reflected stress, and other factors referred to 
previously. 

Since, in the rod-pumping system, the pump is single-acting, 
the fluid load is alternately placed on the rod and the tubing. 
On the upstroke, this load is not entirely taken by the rod until the 
polished rod has moved an amount equal to the elongation of the 
rods plus the tubing. This elongation is a large percentage of 
the polished-rod stroke in deep wells. With static loading, the 
dynamometer card at the polished rod therefore does not reach 
its maximum until late in the stroke and, with the lag in dynamic 
load as explained previously, the peak load may be close to the 
sum of these two loads. For estimating sucker-rod loads, it is 
reasonable to take the total maximum load as the fluid plus the 
rod weight in fluid plus the rod acceleration, and assume that 
these loads are in phase. 
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ACCELERATION FACTORS 


Taking the acceleration of the rods into consideration, the 
permissible fluid load relation as expressed by Equation [2] may 
be modified to 


W = (s — 2.97L — 3.4L (11) 


where a/g is determined from Equation [10]. Therefore, the 
ratio of pump diameter to rod diameter, with harmonic accelera- 
tion, is 


d/d, = 1.52+/|[(S/gL) — 2.97 — 0.0048N%I,]..... [12] 


From Equation [1], when the stress due to rod load is equal to the 
maximum allowable stress, no fluid load is permissible. From 
Equation [1], L = S/2.97. With acceleration and neglecting 
the lag due to velocity of stress 
L= 

2.97 + 3.4 (a/g) 
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Fig. 12 gives the maximum depth or the point where the fluid 
load is zero for various acceleration factors and rod stresses. 
From this chart it is evident that rod strings must either be 
tapered or made of steel of higher endurance limit if they are to 
carry any reasonable percentage of “‘pay load’”’ in deep wells. 


OVERTRAVEL 

Rod Strings of Uniform Cross Section. In using small-diameter 
pumps in deep wells at relatively high speeds, it has been found 
that the travel of the pump plunger usually exceeds the computed 
stroke based upon subtracting the rod and tubing stretch from 
the polished-rod stroke; this has been evidenced both by the 
plunger wear and the actual production obtained. Bottom-hole- 
pressure readings have shown that this is not due to high fluid 
level and light loads; in fact, many cases show a pump stroke 
greater than the polished-rod stroke. Marsh (11) has shown that 
this overtravel can be determined from the relation of the slow- 
motion dynamometer card to the normal-speed card under the 
same well conditions. In a discussion of the Marsh paper, 
the author suggested a theoretical method for approximating 
the plunger overtravel by the relation 


2 
F=14 1.93(LN) 


correction factor to the polished-rod stroke before 
deducting the rod and tubing stretch; ZL = length of rods, 
ft; and N = number of strokes per min. This relation as- 
sumes harmonic motion and uniform rod diameter. Gilbert 
(12) has shown that bottom-hole dynagraphs give strokes in 
excess of those derived from this relation. In suggesting this 
means of estimating overtravel, it was considered that there were 
so many indeterminate variables that a more involved relation 
was not warranted. However, it might be in order to apply an 
acceleration factor for the ratio of the pitman length to the crank 


where F = 


TABLE 3 CORRECTION FACTORS FOR VARIOUS RATIOS OF 
PITMAN LENGTH TO CRANK LENGTH 


Ratio of pit- 


man length 

to crank 

length.... 3.5 4 4.5 5 5.5 6 7 8 oo 
Correction 

factor..... 1.286 1.250 1.222 1.200 1.182 1.167 1.143 1.125 1.000 


length. The factors given in Table 3 can be applied; with a 
ratio of 4, the relation becomes 


2.4(LN)? 
F=1+ 10° 
In some cases, this will check more closely with Gilbert’s results. 

To apply overtravel correction to the area relation expressed 
by Equation [4] the factor F can be used as a direct multiplying 
factor, which is the same as using Equation [4] and substituting 
for l, the polished-rod stroke corrected for overtravel. 

Since | = 1,/2, the stroke efficiency is only 50 per cent with the 
pump area which gives maximum production. Therefore, 
smaller areas should be selected for good performance, and Equa- 
tion [4] corrected for overtravel should be taken as the maximum 
area which should never be exceeded. 

Tapered Strings. Elongation of tapered strings due to gravity 
can be determined from Equation [8] or from Fig. 9. Elongation 
of tapered strings while pumping is approximately proportional 
to the acceleration. Since harmonic acceleration adds to the 
elongation at the bottom of the stroke and subtracts from the 
elongation at the top, the change in elongation will be the sum 
of these elongations; however, for harmonic motion they are 
equal and the total change will be twice the elongation at one 
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end of the stroke. Therefore, the elongation corrected for ac- 
celeration is approximately equal to the elongation determined 
from Equation [8] multiplied by 


This is 2(a/g) from Equation [10}. 
be applied. 


The pitman factor can also 


Pump Capaciry 


The maximum pump capacity, that is, disp!acement, depends 
on the maximum fluid load which a given rod string will carry 
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and the rate of plunger travel. It has been shown by Equation 
[2] that the capacity of pumps actuated at slow speed with a rod 
string of uniform size drops off rapidly with depth. Fig. 2 
shows the relation of fluid load capacity to depth for this condi- 
tion with the stress, rod lengths, and rod sizes shown. 

Plunger speed varies from 1 stroke per min or less for small 
wells to as much as 40 strokes per min with a 54-in. stroke for 
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other wells. Rod life is low under this latter condition, particu- 
larly with the heavy dynamic load caused by this speed and the 
heavy fluid loads carried to obtain maximum production. This 
latter speed at the present time is used only for taking potentials. 
A speed of 40 strokes per min with a travel of 54 in. in a 5000-ft 
well would give an overtravel of 96 per cent, or a corrected 
polished-rod stroke of 106 in. If a pump plunger for maximum 
production were selected, the pump stroke would be 53 in. 
Assuming that the rod diameter was */, in., the pump diameter 
for maximum production with anchored tubing would be 2°/; in. 
The fluid load with water would be 11,700 lb. The rod load 
would be 8300 Ib, and the load due to acceleration would be 
12,800. The total load would be 32,800 lb, or the stress in the 
rods would be 75,000 lb per sq in. This exceeds the endurance 
limit for the highest grade steels, and will not give satisfactory 
lite. The maximum fluid capacity at 100 per cent volumetric effi- 
ciency is 1700 bbl per day. 
At 25 strokes per min, which is a more reasonable speed, the 
corrected stroke would be 74 in, the diameter of the pump plunger 
200 000 
| 
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would be 2!/, in., and the fluid load would be 8600 lb. The rod 
load would still be 8300 lb and the load due to acceleration would 
be 4400 lb. The total load would be 21,300 |b, or the stress in the 
rods would be 48,500 lb per sq in. The maximum fluid capacity 
at 100 per cent volumetric efficiency is 535 bbl per day. It 
should be noted that the acceleration at 40 strokes per min is 
greater than gravity; hence, at the start of the downstroke, the 
rod hanger will leave the beam. This is the upper limit of pump 
speed and should not be closely approached for good performance. 
Fig. 13 shows the maximum strokes per minute as a function of 
the polished-rod stroke. Speeds of 50 to 75 per cent of these 
values are considered good practice. 

It can be shown from Equation [10] that with a pitman crank 
ratio of 4, the acceleration is equal to gravity when 


N = 237-/(1/l,) 
At 75 per cent of maximum speed 
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The useful polished-rod travel per minute for a single-acting 
pump is Nal, = 178y(l,). Using this polished-rod travel 
corrected for overtravel and the pump area for maximum produc- 
tion, it can be shown that the maximum possible production 
under these optimum conditions is 


bbl per day = 38.2 a, (lL, 0.76%)" 
g 


To summarize the results of the foregoing analysis, Fig. 14 
shows the maximum pump capacity as a function of depth with 
speeds 75 per cent of maximum and pump sizes which give maxi- 
mum production for each stroke length. It should be noted that 
the rod stress is excessive for present rod materials in part of the 
range covered. This series of curves shows the importance of 
overtravel when the crank speed is kept at 75 per cent of that for 
an acceleration equal to gravity. A 10-in. stroke at 56 strokes 
per min will give the same displacement at 12,000 ft as a 100-in. 
stroke running at 18 strokes per min. The rod stress in the first 
case is 86,200 Ib per sq in., while in the second case it is 76,200 
lb per sq in. 

To show the possibility of handling large volumes of fluid from 
deep wells and the resulting total rod loads, the chart shown in 
Fig. 15 has been drawn for rod strings designed for uniform 
stress. The conditions assumed are as follows: Rod stress = 
30,000 Ib per sq in.; volumetric efficiency = 80 per cent; specific 
gravity of the fluid = 1.0; pump speed, 75 per cent of maximum 

= 16 strokes per min; polished-rod stroke = 120 in.; and pump 
stroke = 90 in. The curves in Fig. 15 are only approximate 
since the pump stroke was assumed 90 in. in all cases. Computa- 
tions for stretch and overtravel give a net stroke of 100 in. at 
10,000 ft, and 91 in. at 5000 ft. In each case the rod string is 
tull-tapered and for small production is smaller than any of the 
available sizes. Fig. 15 shows the minimum possible load for 
the production shown. 


[18] 


Maximum Horsepower OF Rop StrrinGs 


Uniform Cross Section. The maximum horsepower which can 
be transmitted by oscillating a rod string without exceeding 
the endurance limit is a point of interest in comparing rod pump- 
ing with other methods. If it were assumed that the pump is 
operated at optimum speed and that it has the optimum area, 
then the horsepower (for anchored tubing) 


Hp = 


4 


S, — 4880L a, 12000L 
|, — (S, — 4880L) + 0.76? 
2220 wake | 
(19 


where S, = endurance limit, lb per sq in.; L = rod length, 
ft/1000; 1, = polished-rod stroke, in.; Z = modulus of elasticity, 
lb per sq in.; a, = area of rods, sq in. (Note: Acceleration = 
56 per cent of gravity, and the strokes per minute = 75 per cent 
of maximum.) 


Uniform Stress. For uniform stress, the horsepower is 


22200V1, 0.2478 E 


19104 
where e = Napierian base. 


0.0795E 
Equations [19] and [20] become identical when L = 0. If 
the rod stretch and overtravel were neglected, it can be seen 
that the horsepower varies directly with the endurance limit S, 
and the rod area a,, and also as the square root of the polished- 
rod stroke ‘ 
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With a maximum stress of 30,000 lb per sq in., a stroke length of 
100 in. and a rod area of 1 sq in., the horsepower at zero depth 
is 135. At 5000 ft, other conditions remaining the same, the 
power transmitted by a rod of uniform cross section is 29, and 
that transmitted by a rod of uniform stress is 96. At 6200 ft the 
horsepower transmitted by a rod of uniform cross section is 0, 
and that transmitted by a rod of uniform stress is 94. 

Therefore, it can be concluded that for depths over 5000 ft 
tapered rod strings must be used to deliver sufficient horsepower 
for pumping requirements if the total rod stress is not allowed to 
exceed 30,000 lb per sq in. 

From the foregoing analysis of sucker-rod performance the 
following conclusions can be drawn: 

1 Rods designed for uniform stress are capable of carrying 
heavy fluid loads. 

2 It is possible to transmit 95 hp per sq in. of rod (at the 
pump) by a tapered string with a stress of 30,000 lb per sq in., 
a stroke length of 100 in., and at an N*l, which gives an accelera- 
tion of 56 per cent of gravity. 

3 Rods of uniform cross section will not carry heavy fluid 
loads in deep wells. For each stress assumed, a depth is reached 
where the fluid load becomes zero. These depths are within the 
range desired to pump. 

4 With rods of uniform cross section and static loading 
(slow motion) the pump size which gives maximum production 
varies directly with the rod area and polished-rod stroke and 
inversely as the square of the depth. 

5 Rod stretch with rods of uniform cross section may equal 
polished-rod stroke and give zero production at a certain depth 
for each size of pump. 

6 Dynamic loading increases the pump stroke at the expense 
of increased rod load and may give an overtravel equal to or 
greater than the stretch. 


CorrosivE WATER 


In pumping oil wells the requirement usually encountered is to 
pump all the fluid that enters the well. This involves handling 
corrosive waters as well as oil, and oil containing a large amount of 
free gas, either as gas bubbles in the oil or asafroth. To produce 
all the oil the well is capable of producing, the pump displace- 
ment must exceed the capacity by the amount of free gas. The 
pump then acts as a compressor and pump combined. When the 
bottom-hole pressure is low, which is the case when maximum 
production is obtained, the plunger will pound the fluid hard 
which introduces indeterminate stresses in excess of the normal 
stress. Gilbert (12) has shown the effect of gas on pump load as 
determined by the bottom-hole dynagraph. In some wells the 
entrance of oil is variable and the pump displacement must 
exceed the maximum rate of entrance in order to insure full 
production. The flexibility of most pumping units does not 
permit matching the pump displacement to the well capacity 
accurately. In small wells the pump is often run at several 
times the correct displacement. 


Gas SEPARATION 


This is a problem common to all types of pumps which are of 
positive-displacement or centrifugal types. Gas separators used 
are based on gravity separation of the gas bubbles. The anchor 
is located either below the pump or as an annular chamber 
around the pump shell. Fluid velocities of 6 in. per sec or less 
are used to permit the separation of gas bubbles. Gas is one of 
the important limiting factors on deep-well pumps, and improve- 
ments in gas-anchor design are necessary to obtain satisfactory 
capacity and efficiency under some of the well conditions en- 
countered. It is beyond the scope of this paper to discuss the 
gas-separation problem in any detail. 
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SAND 


In most deep production the formation is well-consolidated and 
sand does not present a serious problem. However, there are 
some exceptions, and when sand is produced with light oils and 
at the high bottom-hole temperature of deep wells the carrying 
capacity of the fluid is so reduced that sand is very troublesome. 
Sand troubles consist of both excessive wear and occasional sand- 
ing in and sticking of the pump assembly. 


VIscosITY 


As mentioned previously, the bottom-hole temperature is 
usually quite high in deep wells. The temperature increase with 
depth averages about 1 F for each 50 ft. Taking 60 F as the mean 
surface temperature, the bottom-hole temperature at 8000 ft is 
220 F. At this temperature oil viscosities usually encountered 
vary from a Saybolt Universal viscosity of from 32 to 45 see. or 
from | to 5 centipoises. 

To hold slippage down to a reasonable percentage of the dis- 
placement plunger fits must be very close or very long. Field 
tests show the leakage to vary as the cube of plunger clearance 
(13). Laboratory tests indicate the leakage to vary as C*-5, 
where C is the plunger clearance. 


Borrom-Ho.Le Pumps 


The oil-well pump is so well-known that a description at this 
time would not serve any useful purpose. Recent improvements 
in pumps to meet the deep-well-pumping problems have been 
largely in the use of better materials and the development of 
special materials to better withstand both corrosion and wear. 

Developments in pumping units tend to portable floor types 
capable of carrying heavy loads and with the prime mover 
mounted directly on the unit. Well servicing is usually done 
with a portable pulling machine. This permits faster pulling of 
deep wells and reduces the cost of pumping equipment. Load- 
carrying capacities of these units are as high as 35,000 lb. One 


TABLE 4 SPECIFICATIONS OF SEVERAL HEAVY SUCKER-ROD PUMPING UNITS 


Max coun- Strokes 
Max well terbalance, per 
load, lb Ib Stroke, in. minute 


25,000 
25,000 17,000 
26,200 16,000 
34,100 21,700 
30,000 16,600 
Parkersburg, Hydronumatic 30,000 18,000 
18,700 

a In this instance the units are inch-pounds. 

’ Nominal strokes per minute. 

¢ Maximum strokes per minute. 

@ Single-reduction. 

e Double-reduction. 

J At 20 strokes per min and 6.24:1 ratio. 


g At 20 strokes per min and 9.43:1 ratio. 
h Nominal horespower. 


Oil-well twin crank 
National unit pumper.... 


560,000 34, 44 } (3 


, 64, 74 
38, 49 


28c 
206 
Emsco-Continental Falk. . 
Lacy air-balanced unit... . 
Parkersburg, long-stroke. . 
72, 96, 120 


(108) max 
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special unit has been installed having a load capacity of 50,000 
Ib. Larger units will no doubt be designed and are essential to 
the handling of the loads which deep wells and full-tapered rod 
strings will require. 

Characteristics and design features of the various types of 
units available for pumping deep wells will not be described in 
detail in this paper, since this information is available in various 
trade journals and manufacturers’ literature. However, in 
Table 4 are listed the manufacturers’ specifications of some of 
the heavier models of sucker-rod pumping units. The trend in 
these units is to a long stroke at moderate or slow speed to mini- 
mize the dynamic components of the load. In most instances 
the beam strength is given as the polished-rod load. It should be 
pointed out that this does not necessarily represent the polished- 
rod load which the unit is capable of exerting at normal speed and 
maximum stroke without exceeding the peak-torque rating of 
the reduction gear. A.P.I. Standards No. 11-E give specifica- 
tions for rating of pumping machines, which include the rating 
of reduction gears. A.P.I. Standards No. 4 establishes the safe 
working load of walking beams. 

In addition to the improvements in beam-operated sucker-rod 
pumps for pumping deep wells, many new ideas are in process of 
development in the form of pumps and gas-lift devices. Some 
of these show promise and are worthy of mention, but because of 
the lack of space only those pump developments are described 
which have been in commercial use for sufficient time to es- 
tablish their value in the pumping of deep wells. 


SuLLIVAN PNEUMATIC PUMPING SysTEM 


The Sullivan pneumatic pumping system utilizes a single- 
acting cylinder suspended centrally over the well for actuating 
the conventional sucker-rod pump. The complete system con- 
sists of a compressor unit, heater, and pump head. The pump 
head is provided with controls which permit varying the speed 
of the upstroke and downstroke independently. Both the length 
of stroke and the number of strokes per 
minute of this unit can be varied over a wide 
range. 

Capacity. Four sizes are available having 
load-carrying capacities corresponding to a 
rod stress of 30,000 lb per sq in. in rods of 
5/5, 3/4, 7/3, and 1 in. diameter. Table 5 
lists the pump sizes and depths for various 
rod and pump combinations based on fluid 
level at the pump setting and a fluid gravity 
of 1.0. 

The principal capacity limitation of this 
method of pumping is imposed by the 
sucker-réd design. This is substantially 
the same as for beam pumping units with 
the exception that stroke length may be 
conveniently made much longer and dy- 
namic loads are materially reduced. This 
permits higher average polished-rod loads 


Peak 
torque, Weight, 
Ib 
207,500 


238,0007 
200,000¢ 
450,000/ 
360,0009 
260,000 


23,900 


19,000 
32,650 
28,535 


Cylinder Rod string 
diam, in.* diam, in. 
5200 4500 


6600 5750 


Plunger size, in. 
13/, 2 21/4 21/2 23/4 3 
3900 3400 2900 2550 2250 


4950 3700 3200 2800 


2000 


with the same maximum load. Fig. 16 is a 
typical dynamometer card taken at high 
speed; it shows the uniformity of the rod load 


1550 
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3000 


3150 


5650 5100 
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7000 6300 


4500 3550 3140 2800 
5050 4100 3700 3300 


5650 4450 3900 3500 


on both strokes. A comparison of Figs. 11 
and 16 illustrates the advantage of the 
Sullivan unit over the conventional beam 
pumping unit. 

Depth Limitations. Here again the sucker- 
rod design is the principal limiting factor. 
Since the unit can carry heavier loads by 
merely increasing the air pressure or by in- 
creasing the cylinder diameter, this method 
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of pumping is particularly adapted to deep wells and heavy rod 
loads. It is practically unlimited in load-carrying capacity, and 
to accomplish this the mass of the moving parts does not need 
to be materially increased. It should also be pointed out that as 
the rod load becomes higher the compression ratio on the operat- 
ing air is reduced. A gain in efficiency therefore results from in- 
creased rod load. 

Special Features. The sucker-rod string in the pneumatic- 
pump-head system is free at both ends; hence, it is not con- 
strained to follow any given velocity path. The motivating 
force on the upstroke and the retarding force on the downstroke 
are definitely controlled line pressures fixed at values required for 
desired operating conditions. 

The pull on the rods is substantially constant; hence, any 
variation in rod load from any cause within the well during the 
cycle is reflected in a change in velocity at the polished rod. 
Dynamic-load stresses are therefore not additive, but rather are 
smoothed out by this constant force cycle in place of the definite 
velocity cycle. Since the rods fall by gravity with a definite re- 
tarding force, acceleration in excess of gravity on the downstroke 
is not possible. The practical significance of these points is a 
definitely limited rod stress with no peaks which means an ap- 
preciable extension to the usefulness of sucker rods in the form 
of either greater depths or longer life. 


Tue Repa Pump 


This is a submerged electric motor and pump located below the 
well fluid level which eliminates the sucker rods and all moving 
parts in the well except in the pumping unit. Since electric 
power can be transmitted economically at moderate voltage for 
distances equal to the present deepest oil well, it has many ad- 
vantages for operating ‘‘bottom-hole’’ pumps. 

The Reda unit consists of a multistage centrifugal pump direct- 
connected to an electric motor through a “protector” section, 
the entire assembly being of small diameter so that it may be 
run in wells having small-diameter casings. The unit is suspended 
on tubing in a manner similar to a working barrel, with a cable 
extending from the surface to the unit to carry electric power to 
the motor. Since the motor unit is filled with oil it will function 
perfectly under any submergence pressure and may be operated 
at any distance below the fluid level in the well. 
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The motor is of the squirrel-cage induction type operating at 
3600 rpm. It is enclosed in a steel housing filled with a light oil 
having both high dielectric strength and good lubricating prop- 
erties. The oil also serves to cool the rotor and stator windings. 
The motor is made in diameters suitable for use in 5'/:-in. 17-lb, 
6°/-in. 26-lb, and 8%/s-in. 43-Ib casings. Motors for the 
5'/,-in. casing range from 1.7 to 45.5 hp, for the 65/s-in. casing 
from 5 to 97.5 hp, and for the 85/s-in. casing motors up to 200 hp 
are available. Due to the effective cooling by the pumped fluid 
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which passes between the motor housing and the well casing 
these motors have high overload capacity. The pump assembly 
is made in diameters substantially the same as the motor. The 
51/,-in. size uses from 10 to 285 stages and will pump against 
heads of from 300 to 8000 ft. The 65/s-in. size has from 4 to 193 
stages for lifts of from 300 to 8500 ft. 

The daily production rates extend up to 1900, 8000, and 15,000 
bbl per day in the 5'/:-in., 65/s-in., and 85/s-in. sizes, respectively. 
At the present time pumps are set as shallow as 375 ft and as 
deep as 7300 ft. The smallest daily production is 18 bbl and the 
largest is 14,000 bbl. 

Power is supplied to the motor theough a steel armored flexible 
cable which is oilproof and is not affected by hydrostatic pres- 
sure. It is spooled on a special reel and leads are taken off from 
the center of the reel to connect with the starting and control 
equipment and to the line transformer. 

The unit, when operating, has only one rotating part with no 
gears, valves, or reciprocating parts and is self-lubricated. Low 
lifting cost is attributed to the high mechanical efficiency of 
centrifugal pumps and to the design of this equipment whereby 
the driving force is directly connected to the pump and is not 
subject to the mechanical loss in the transmission of power as in 
methods where the driving force is on top of the ground and car- 
ried to the pump by rods or other means. 

This pump is readily adapted to automatic control and may be 
intermitted on any suitable cycle. Underload due to the well 
pumping off is used as a means of automatic control. 

Centrifugal pumps are capable of handling sand in considera- 
ble quantities. It is stated by the manufacturer that this pump 
may be used to good advantage for cleaning wells in place ot 
bailing or sand pumping. 

From this description it can be seen that the submerged-motor 
centrifugal pump has a number of unique qualifications which 
lends itself to the problem of modern deep-well pumping. 


Kose Hypravtic Pump 


The hydraulic method of operation employed by the Kobe 
hydraulic pump eliminates the use of sucker rods and substitutes 
fluid as the power-transmitting medium. This power is directly 
applied below the fluid level in the well by a fluid-actuated engine 
direct-connected to a reciprocating double-acting pump. 

Oil is used as the fluid and is normally taken from the well 
produced, but may be taken from any other convenient source. 
This oil, after being properly settled, filtered, or otherwise treated 
to remove the water and any solids which would be detrimental to 
the equipment, is distributed under high pressure to the well or 
wells through surface lines. Production tubing is used in the 
conventional manner and is provided with a shoe and gas anchor 
at the bottom. The production unit, consisting of the combined 
engine and pump, is attached to the lower end of a string of 
pressure tubing and inserted within the production tubing. The 
pump seats in the shoe in the production tubing so that the only 
point of entrance of oil to this tubing is through the pump. The 
inner tubing conducts the power fluid to the unit, and the annular 
space between this pressure tubing and the well tubing forms a 
passage for the return of power fluid combined with the produc- 
tion from the well. The pressure tubing is connected with the 
high-pressure surface lines and the production tubing is con- 
nected with the regular field collection system. Fig. 18 shows a 
sectional view of the subsurface unit. 

For producing individual wells a unit consisting of a filter 
system, a triplex pump, and prime mover is provided for supplying 
the operating fluid under pressure. Since this has been described 
in detail by the author (14), Maroney and Wheeler (15), Craw- 
ford (16), and others, it will not be repeated in this paper. Fig. 
17 shows this unit diagrammatically. 
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Capacity Limitations. The important factors which determine 
the maximum capacity of pumps of this type are stroke, plunger 
speed, fluid acceleration, pump diameter, and permissible friction 
loss in the tubing. 

The maximum plunger speed and fluid acceleration which may 
be used depend largely on the velocity in the intake passages to 
the pump, the viscosity of the pumped fluid at bottom-hole con- 
ditions, and the permissible submergence head over the pump. 
The recommended plunger speed gives substantially the same 
acceleration factor for all sizes. The acceleration factor N*L is 
approximately 40,000, which from Equation [10] is 57 per cent of 
the acceleration of gravity. Speeds 50 per cent above the rec- 
ommended value are giving satisfactory field performance. 


Fig. 19 shows the capacity of hydraulic pumps at this rated speed 
as a function of the nominal pump size, i.e., the diameter of the 
production tubing. 

The capacity of pumps of this type is nearly independent of 
depth. Table 6 gives capacity and other data on the standard 
sizes available. 

Friction loss in the tubing is also a limiting factor. Assuming 
that this loss is to be limited to 10 per cent of the power input, 
Fig. 20 shows the capacity as a function of viscosity with the 
tubing combinations shown. The dashed lines are for sizes not 
in use at this time. Figs. 19 and 20 show that this type of pump 
is suited to both large and small capacity if the well-casing size 
will permit using the proper tubing size. 
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TABLE 6 PRODUCTION-UNIT DATA ON KOBE HYDRAULIC 
PUMPS 
Pump sige, 2 2'/2 
Outside diameter, in......... 25/i¢ 33/, 
42 85 175 370 
Stroke length, in............. 12 18 24 30 
Capacity, bbl per day........ 100 200 400 800 
Speed at capacity, strokes per 
Piston speed at capacity, fpm 95.3 122.0 169.4 190.6 
Displacement per stroke, gal. . 0.06120 0.143 0.275 0.612 
Displacement per stroke, bbl 0.00146 0.00342 0.00656 0.0146 
Displacement, bbl per day per 
Operating fluid per stroke, gal. 0.0627 0.146 0.28 0.619 
TABLE 7 SETTING DEPTHS FOR TUBING 
depth, ft- --— 
Tubing Weight ———Tension——— ——Internal pressure 
size, per ft Grade C Grade D, Grade C, Grade D, 
in. Ib factor 2'/: factor factor factor 2!/; 
3/,@ 1.20 9086 11650 14900 20450 
12 1.80 8991 11500 14000 19220 
1'/, 2.40 9130 11700 11700 15000 
2 4.70 9100 11650 11100 14000 
2'/; 6 50 9140 11710 10400 13200 
3 9.30 9135 11700 10050 12700 
4 12.75 9260 11860 8300 10600 


Not A.P.I. Standards. 


Depth Limitation, This pump is at present designed for pres- 
sures corresponding to 10,000 ft. A redesign with heavier sec- 
tions, and hence smaller plungers, will permit pumping from any 
desired depth. However, hydraulic pumps, like rod pumps, are 
limited by the strength of the tubing. Recommended setting 
depths and safe internal working pressures in terms of fluid head 
in feet with specific gravity of 1.0 for grade C and grade D, A.P.I. 
external upset tubing, are given in Table 7. 

Central System. Hydraulic pumps are particularly adapted to 
lease operation where the entire property is operated from a cen- 
tral system. Obviously, this arrangement will effect certain 
economies in investment and operation. Such a central plant 
can operate any number of wells each having pumps of either the 
same or different sizes and operating at independently controlled 
speeds. 

SuMMARY 


Pumping problems become increasingly difficult with depth 
with all of the methods of pumping now in use. 

Rod Strings of Uniform Cross Section. A definite depth limit 
is reached for each permissible stress value assumed beyond which 
no fluid load can be carried without overstressing the rods. For 
stresses within the endurance limit of present steels this depth 
limit is within the range desired to pump. 

With static loading the pump area for maximum production is 
directly proportional to the polished-rod stroke, the area of the 
rod, and inversely proportional to the square of the length of the 
rod. The pump stroke is one half the polished-rod stroke when 
using the pump area for maximum production. This pump area 
should never be exceeded and should only be used when the stress 
set up in the rods by its use is with in the endurance limit. 

The net pump stroke is approximately equal to the polished- 
rod travel plus the pump overtravel minus the rod and tubing 
stretch. Overtravel as a correction factor to polished-rod stroke 
is proportional to the square of both the rod length and the strokes 
per minute. 

The approximate maximum total polished-rod load is the fluid 
load plus the rod load in fluid plus the acceleration of the rod load. 

Dynamic loading increases the net pump stroke at the expense 
of increased rod stress. 

The negative acceleration at the beginning of the downstroke 
should not exceed acceleration of gravity. This establishes a 
maximum number of strokes per minute for each stroke length. 

The maximum horsepower that can be transmitted with an 
oscillating rod string is directly proportional to the rod area and 
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approximately the square root of the polished-rod stroke. The 
horsepower reaches zero when the rod stress due to its own weight 
in fluid plus its acceleration is equal to the maximum permissible 
stress. 

Rod Strings Designed for Uniform Stress. Pump area is directly 
proportional to the rod area at the pump and the permissible 
stress. 

Rod diameter at any point can be determined as an exponential 
function of rod diameter at the pump. To correct for additional 
rod stresses due to acceleration the same relation can be used 
with the allowable stress factor reduced in proportion to the 
acceleration factor. 

Stretch due to fluid load plus static rod load is directly propor- 
tional to the unit stress and the rod length. 

The stretch due to fluid load is an exponential function. 

The overtravel is twice the change in rod length due to ac- 
celeration. This change can be computed from relation for the 
stretch of the rod under gravity. 

The stretch of tapered rod strings designed for uniform stress 
is greater than for-a straight rod string designed for the same 
stress at the top. 

The maximum horsepower transmitted is proportional to the 
unit stress, the rod area at the pump and approyimately the 
square root of the polished-rod stroke. The horsepower goes 
through a minimum at about 5000 ft and at 12,000 ft is the 
same as at 0 ft. The minimum with a 60-in. stroke is 50 hp and 
with a 100-in. stroke is 95 hp. 

General. Tapered rod strings are necessary at depths greater 
than 5000 ft with present endurance limits. 

The total load at the polished rod with tapered rod strings in- 
creases rapidly with depth. To produce more than 200 bbl per 
day at 12,000 ft, pumping units heavier than now available will 
be required. To produce 1000 bbl per day at this depth, a total 
load of 160,000 lb will be required if the rod stress is limited to 
30,000 Ib per sq in. 

The production capacity of long-stroke units for a given pump 
plunger varies approximately in proportion to the square root of 
the stroke length. 

Pneumatic pump heads are particularly suited to long strokes 
and greatly reduce peak rod stress caused by dynamic loading. 

Pneumatic counterbalance is adapted to heavy loads and will 
give lower peak rod loads than beam or crank balance. 

Submergible electric-motor pumps are adapted to deep wells 
and large productions. Capacities of this type of pump exceed 
any positive-displacement pump now available. 

Hydraulic pumps are adapted to both large and small produc- 


tion and to wells of 10,000 ft or more in depth. This method can 


be applied to both individual wells and central-plant operation. 
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The Drafting of Steam Locomotives 


By JOHN R. JACKSON,! SAINT LOUIS, MO. 


The paper gives a chronological summary of the experi- 
ments with and developments of various appliances for 
obtaining the draft necessary for firing steam locomotives. 
For the more important of these, test results are given 
and the advantages and defects are pointed out. This 
part of the paper concludes with a listing in the order of 
merit of five of the principal draft devices as tested by 
the author. 

There follows a discussion of the characteristics and 
limitations of the relationship between exhaust pres- 
sure and draft, in the double-engine reciprocating steam 
locomotive having a single constant-area exhaust nozzle 
and intercommunicating exhaust passages. 

The paper concludes by pointing out how the present 
standard exhaust nozzles limit the economic working 
range of locomotives, and suggesting changes in design 
to give better efficiency and a greater economic working 
range. 


HE GENERAL method of drafting a locomotive boiler by 
[esting the exhaust steam from the cylinders, expanding 

through a restricted nozzle into and through a vertical stack, 
has been varied but little, essentially, since George Stephenson’s 
“Rocket’”’ in 1829, dnd has been successfully employed to burn 
wood, lignite, bituminous and anthracite coals, and various 
grades of fuel oil over a period of over a hundred years. 

During this period, the drafting of steam locomotives has been 
the basis for continued experimentation and research, but the 
proportion and relationship of the front-end parts for maximum 
over-all locomotive power and efficiency have not yet been de- 
veloped nor has the best available information on the subject 
been generally utilized in the design of steam locomotives built 
during the past decade or contemplated for the immediate future. 

The rapid development of the Diesel locomotive during the 
past few years and the growing popularity of this type should 
awaken the steam-locomotive designers to the need of utilizing 
the full possibilities of the steam locomotive. It is with this 
in mind that the author has undertaken this paper dealing with 
his experiences in the drafting of steam locomotives, a discus- 
sion of the characteristics and the limitations of the present con- 
ventional practice and a suggested line of research leading to an 


' Engineer of tests, Missouri Pacific Railroad. Mem. A.S.M.E. 
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Lewis Engineering Co., Chicago and Toronto, and for the next two 
years was copartner in the Pioneer Precooling Plants, Lodi and Napa, 
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Annual Meeting, of Tae AMERICAN Society oF MECHANICAL ENGI- 
NEERS, held in St. Louis, Mo., June 20-23, 1938. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 


increase in the economic steaming range and power output of the 
reciprocating steam locomotive through modifications in the 
exhaust passages and nozzle. 


Nores RELATING TO-THE oF SteAM LOcOMOTIVES 


In the following notes, the high lights of the author’s ex- 
periences, as viewed in retrospect, are summarized in chronologi- 
cal order: 

Back-Pressure Draft, Santa Fe Railway Practice, 1912. The 
author’s first experience in the field of drafting steam locomotives 
was in connection with the paper. read before the International 
Railway Fuel Association by H. B. MacFarland? in 1912. 
A characteristic of the draft appliances of the locomotives in 
service on the Santa Fe at that time was a relatively small- 
diameter stack requiring an excessively restricted nozzle for 
steaming. During that period the Santa Fe had numbers of 
four-cylinder compound locomotives, Vauclain, Tandem, Mallett, 
and balanced types, in both freight and passenger service. As 
was brought out in MacFarland’s paper, since with any system 
of compounding the final exhausts for drafting the locomotive 
are from the relatively large-diameter low-pressure cylinders, 
the total back-pressure horsepower chargeable to drafting these 
locomotives was proportionately large. This led to an attempt 
to adapt mechanical induced draft to the steam locomotive. 

Mechanical Induced Draft. During the period from 1912 to 
1915, the author was closely identified with the experimental 
work in connection with what was known as the MacFarland 
fan draft. This work was covered in a written discussion 
published by the Society’ in 1914, and it is sufficient to say here 
that the draft was supplied, independent of the exhausts from 
the engines, by means of a live-steam noncondensing multistage 
turbine direct-connected to a multibladed fan. The turbofan 
unit was placed in the smokebox and discharged the products of 
combustion through a relatively large stack, in the conventional 
location. The exhaust steam from the locomotive engines was 
discharged to atmosphere through a separate nonrestricted dis- 
charge pipe behind the smokestack. The draft was entirely a 
function of the speed of the turbofan unit which was arranged 
for both automatic and manual control. 

Trial applications of the MacFarland fan draft were tested 
out on one switching and three road locomotives before the idea 
was abandoned as impracticable for the following reasons: 

1 The service life of the fan was too short because of the 
rapid erosion of the blades by the slag particles and cinders in 
the gases passing through. 

2 The draft capacities of the turbofan units experimented 
with were too limited and restricted the power range of the loco- 
motives to the maximum draft capacity of the fan, hence, while 
there was an increase in available drawbar pull for the fan draft 
over the conventional exhaust-steam-jet draft, no over-all in- 
crease in locomotive efficiency was realized by reason of the 
limited steaming range, and the consequently restricted rate of 
power development of the fan-drafted locomotive. 

3 At the time of discontinuing the experimental work during 


2 “Locomotive Drafting and Its Relation to Fuel Conservation,” by 
H. B. MacFarland, engineer of tests, Atchison, Topeka and Santa Fe 
Railway. Proceedings of Fourth Annual Convention, International 
Railway Fuel Assn., 1912, pp. 143-227. 

3‘*Front End Design,” discussion by H. B. MacFarland, on “Steam 
Locomotives of Today,’’ Report of Subcommittee on Railroads, 
Trans. A.S.M.E., vol. 36, 1914, pp. 500-506. 
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1916, there was no prospect of developing an efficient high- 
pressure turbofan unit that would fit into the available space, 
have sufficient capacity to draft a locomotive at rates of maxi- 
mum power, and insure a reasonable expectancy of service life 
for the fan unit. 

It is of interest to note here that, since the MacFarland fan- 
draft experiments, there has been one other attempt to replace 
the exhaust-jet draft with mechanical means for drafting the 
reciprocating steam locomotive. During the period from about 
1920 to 1927 extensive experiments were carried out by the late 
Dr. W. F. M. Goss in developing what he termed the “turbo- 
exhauster’* which differed from the MacFarland fan draft in 
the use of an exhaust-steam turbine instead of a high-pressure 
turbine for driving the centrifugal-fan member. The “turbo- 
exhauster” has apparently been given up for the same reason 
as was the MacFarland fan draft. 

The Lewis Draft Appliance or Exhaust Governor. The author 
was associated with the late David M. Lewis during the period 
from 1920 to 1924 in the development of the Lewis draft appliance 
which was applied to a number of locomotives during that period. 

Lewis’ original principle was to employ a wide transverse-slot 
exhaust nozzle of relatively large constant area with a corre- 
spondingly wide stack, and to 
provide an expansion chamber 
between the valves and the 
nozzle intended to modulate the 
exhaust pulsations and provide a 
more nearly constant draft flow 
through the boiler with low cyl- 
inder back pressure. 

During the earlier experiments 
with this original arrangement 
on the C. M. St. P. & P. Ry. from 
1918 to 1920, it was found that 
the transverse-slot nozzle of 
relatively large constant area 
gave satisfactory draftand steam- 
ing performance under slow- 
speed heavy working conditions 
but did not provide sufficient 
draft for satisfactory steaming 
when the engine was worked at 
the higher speeds and shorter 
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within a housing. The opening between the upper edges of the 
vanes varied from contact (closed nozzle) to a maximum repre- 
senting the equivalent area of a large-diameter round nozzle. 
The parallel shafts were geared together and connected to a com- 
mon loading arm outside the smokebox. By adjusting the dead 
weights on the outside lever arm, the loading on the nozzle vanes 
forming the slot nozzle could be changed at will. An air dashpot, 
attached to the loading arm, damped the fall of the weighted 
arm when the exhaust pressure, acting to force the vanes open, 
was suddenly released 

The operation of the Lewis exhaust governor was like a vigorous 
pumping action at starting and during slow-speed long-cutoff 
operation. The pumping action decreased with the increase in 
speed and shortening of the cutoff, the nozzle opening finally 
assumed a constant area to take care of the volume of steam being 
exhausted under the particular operations, and the weighted arm 
rode at balance. With each change in speed, throttle opening, 
or cutoff, the nozzle automatically readjusted itself and, with 
the closure of the throttle, the nozzle also closed. Details of the 
final form of the Lewis exhaust governor and a general arrange- 
ment showing the stack and by-pass volume chamber are shown 
in Fig. 1. 


LEWIS EXHAUST GOVERNOR 
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cutoffs. After a series of experi- 
ments involving the reduction 
in the size of the constant- 
area-slot nozzle to a point where 
it would draft the locomotive 
for satisfactory steaming, when 
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working at the higher speeds and 
shorter cutoffs, and relieving the 
excess pressure in the expansion 
chamber by venting a portion of 
the exhaust steam to atmosphere 

when working at low speeds and = = 
long cutoffs, the Lewis automatic 
variable-exhaust governor was 
developed. 

This governor was essentially 
an automatic variable nozzle 
consisting of two parallel rotat- 
ing vanes mounted on shafts 
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Various modifications of the Lewis draft appliance employing 
the slot nozzle and expansion chamber were applied to fifteen 
locomotives in Canada, five in the United States, and one in 
England during the 5-year period between 1918 and 1923. The 
contribution of Lewis to the knowledge of drafting steam loco- 
motives, as viewed by the author after 15 years, is summed up as 
follows: 

1 The Lewis exhaust governor was a truly automatic variable 
nozzle which mechanically fulfilled all of the requirements for 
successful operation, viz., automatically establishing and main- 
taining the nozzle opening proportional to the exhaust pressure 
within the nozzle, relatively inexpensive first cost, dependable 
operation, and low maintenance cost. The essential features of 
a mechanically successful automatic variable nozzle, as exempli- 
fied in the Lewis exhaust governor are: 

(a) Relatively loose fitting of moving parts in relation to 
fixed parts forming the nozzle to allow for differences in ex- 
pansion. 

(b) An occasional sufficiently vigorous mechanica! movement 
of the moving parts throughout their entire range of possible 
movement, to prevent the blocking of the nozzle in a fixed posi- 
tion by the accumulation of gum and carbon. 

(c) Rapid adjustment of nozzle area to pressure fluctuations 
and yet a cushioning of the moving parts to prevent destruction 
through slam and pounding. 

2 The volume chamber had two functions: (a) modulation 
and timing of the exhaust “humps” at valve releases and, (5) the 
provision of a volume of saturated steam, with a closed nozzle, 
for by-passing from cylinder to cylinder during drifting with a 
closed throttle. Volume-chamber ratios of from 5 to 1 to 1 to 1 
(expansion chamber to cylinder) in various relationships of 
volume chamber to valves and nozzle were experimented with. 
Even with the largest volume chamber that could be installed on 
a locomotive, the exhaust-pressure draft was distinctly pulsating 
for speeds up to about 15 mph and it was evident that a volume 
chamber too large to be practicable would be required to elimi- 
nate the draft pulsations entirely. 

3 With the retention of the conventional intercommunicating 
exhaust passages and common nozzle serving the two cylinders, 
it is evident that the Lewis exhaust governor and volume chamber 
only served to modulate and change the timing of the exhaust 
humps acting negatively against the pistons, and therefore fell 
considerably short of the objectives of over-all power conserva- 
tion through back-pressure control at all speeds. 

4 The draft efficiency of the Lewis slot exhaust jet, in com- 
bination with a rectangular stack of relatively large area, was 
extremely high as judged by the high rates of coal consumption 
attainable with low back pressures. This was probably due to 
the increase in jet-surface area of the slot nozzle over that of the 
conventional circular nozzle, but, with the decrease in jet width 
and restriction of the stack required to elevate the smoke above 
the locomotive for satisfactory road service, the draft efficiency 
of the Lewis nozzle and stack differed but little from that of the 
conventional circular nozzle and stack. 

5 The Lewis exhaust governor and volume chamber modu- 
lated the noise of the exhausts and necessitated intelligent han- 
dling and firing to maintain steam pressure throughout the possible 
operating range of the locomotive and therefore, satisfactory 
steaming and economy in fuel were dependent on the engine crew 
to a greater extent than with the conventionally drafted loco- 
motive of the same class in the same service. 

Missouri Pacific Lines, 1925 to 1930. The author was ap- 
pointed engineer of tests for the Missouri Pacific Lines on 
July 1, 1925, and one of the first assignments was an investiga- 
tion of the front-end arrangements then standard, and modifica- 
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tions to increase the steaming range and tonnage-handling capaci- 
ties of the locomotives then in service. 

Check of the front-end arrangements showed a decided trend 
toward relatively small stacks, the use of inside petticoat sleeves, 
high nozzle stands, and relatively small nozzles. 

By progressive steps it was demonstrated through a series of 
road tests that the desired objectives could be attained by in- 
creasing the diameters of the stacks, lowering the height of the 
exhaust stand, and increasing the area through it to permit of 
increasing the area of the nozzle sufficiently to relieve the engines. 
The increased diameters and height of the stack improved the 
steaming range, which with the increase in power realized from 
the enlarged exhaust passages and nozzles, resulted in a decided 
improvement in locomotive tonnage-handling capacity. 

The front ends of several hundred passenger and freight loco- 
motives were changed to conform to the modified arrangement 
from 1926 to 1930, and new power build subsequent to the tests 
came from the builders with the modified front-end arrangement. 

Since 1930, road and standing tests of additional modifications 
in the front-end arrangement have been carried out under the 
author’s direction. These tests have included comparison of the 
Missouri Pacific Standard with several other arrangements, all 
tested on the same class of locomotive but at different times over 
a 5-year period. Based on steaming range, net locomotive power 
output, smoke elevation, fire hazard, and a self-cleaning front 
end, the front-end arrangements included in these tests range in 
the following order: 

First: The Layden Double-Ported Nozzle, with a four-hole 
nozzle tip, holes 3'/; in. diam, total area 38.48 sq in., equivalent 
to a 7-in. open tip; two servicing each cylinder, 19.24 sq in. 
equivalent to a 4°'/y-in. open tip per side; separated exhaust 
passages from each cylinder; and a 24'/,-in. diam straight stack. 
Best in power conservation; an excellent steaming arrangement, 
with satisfactory smoke elevation, spark arresting, and self- 
cleaning front end. 

Second: The Annular, or Ring-Ported Nozzle, area 40.7 sq in., 
equivalent to 7%/is-in. open tip, with a 22-in. diam stack to suit 
but with nozzle and stack sufficiently restricted to elevate smoke 
at medium and light loads. 

Third: The Missouri Pacific Standard, having a 40.7-sq in. 
Goodfellow nozzle, equivalent to a 7/is-in. open tip; taper-top 
stack and 22-in. diam straight inside sleeve. 

Fourth: The Giesl-Gieslingen Ejector Stack, having a 44.9-sq 
in. nozzle, equivalent to a 7°/;.-in. open nozzle; and taper stack 
with a 19'/,-in. choke. 

Fifth: The Kiesel Radial-Ported Nozzle, with large taper-top 
stack, straight inside sleeve 25'/, in. diam, and vertical netting 
at base of stack; a nozzle with six radial ports, 16 in. extreme 
diameter, total area 49.85 sq in., equivalent to 7'5/i,-in. open 
nozzle. An excellent steaming arrangement but a poor spark 
arrester under heavy working conditions. Gives badly trailing 
smoke under light working conditions because of the extra-large 
stack area and low velocity of the gases, due to the relatively 
large constant-area nozzle. 


CHARACTERISTICS AND LIMITATIONS OF THE EXHAUST-PRESSURE- 
Drart RELATIONSHIP 


The phenomena of draft fluctuations and their relationship to 
the cycle of events in the cylinders of the conventional steam 
locomotive were investigated by the author during his work in 
connection with the Lewis draft appliance. From data secured 
from indicator cards and a special recording draft gage, the magni- 
tude of the fluctuations in draft and their relationship to the 
pulsating pressure of exhaust steam were determined on a time 
basis and are here presented for the first time. 

It was found that the fluctuations of cylinder back pressure 
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during the stroke cycle could not be recorded with sufficient 
accuracy on the ordinary complete-cycle indicator card using the 
relatively heavy spring, and so a second indicator with a light 
spring and stop to limit the movement of the pencil, was used 
with excellent results to record the exhaust-pressure portion of the 
complete cycle. The standard and light-spring indicators were 
mounted in pairs and cards taken simultaneously along with a 
card taken on the special recording draft gage. The draft gage 
consisted of an ordinary indicator with a 30-lb spring, mounted 
on a casing containing a rubber diaphragm, 8 in. diam, directly 
connected to indicator piston. The drum of the indicator was 
rotated at a uniform speed by means of a phonograph spring 
motor. The instrument was connected to the smokebox through 
a 1'/.-in. pipe fitted with a quick-opening valve. 

Four sets of cylinder, back-pressure, and smokebox-draft 
cards taken with the above apparatus at speeds of 15, 45, 50, and 
70 mph on a 23 X 28-in. superheated Pacific-type locomotive 
are shown in Fig. 2. Taking a typical case and showing the 
indicator diagram for one end of the cylinder only, the charac- 
teristics of the back-pressure-draft relationship are developed for 
a two-cylinder reciprocating steam locomotive having cranks 
at 90-deg spacing with the right side leading, as shown in Fig. 3. 

On the conventional indicator diagram shown in Fig. 3a, 
release A at a pressure of 72 lb per sq in. occurs at approximately 
$2 per cent of the stroke. The quantity (by weight) of steam 
released is roughly represented by the area A-C-D-E, and the 
energy it contains above the exhaust pressure is calculated as 
16,000 ft-lb per cu ft of cylinder volume. 

The energy represented by the area A-C-D-E expands through 
the nozzle before the piston reaches the end of the stroke (A to 
B). The weight of steam forced out of the cylinder by the piston 
during the exhaust stroke is roughly represented by the area 
B-F-G-H (where F is the point of compression) and it’s energy 
above atmosphere is calculated as 996 ft-lb per cu ft of cylinder 
volume. That portion of the exhaust from the point of release 
A to end of stroke B may be termed the “puff” and that from 
end of stroke B to point of compression F may be termed the 
“blow.” It is of interest to note that, in the typical case shown, 
the energy in the blow portion of the exhaust cycle (that portion 
commonly called the cylinder back pressure) accounts for but 
approximately 6'/, per cent of that expended to draft the loco- 
motive and that 93'/: per cent is from the puff or steam released 
before the piston has reached the end of its working stroke and 
before the exhaust stroke has started. The cranks being at 
90 deg, the release from the opposite cylinder, indicated by J, 
also takes place early in the exhaust stroke. Because the ex- 
haust tip necessarily chokes the exhaust passages, the exhaust 
pressure is well maintained right up to the nozzle, consequently, 
with the conventional single constant-area nozzle and inter- 
communicating exhaust passages, the volume of steam released 
from one cylinder is not instantly expanded through the restricted 
nozzle, but builds up a pressure in the exhaust passages on both 
sides of the locomotive and increases the back pressure on the 
opposite side. The effect can be seen clearly on the light-spring 
cards taken at all speeds and results in a loss in power due to the 
increase in cylinder back pressure during the blow period on one 
side from the puff period on the opposite side. 

Since the indicator diagram records pressures in the cylinder 
in relation to the actual movement of the pistons, equal horizontal 
distances along the line B-F do not represent equal intervals of 
time and, to study the exhaust functions with respect to time 
they must be plotted on a basis representing the revolutions of 
the crankpins. 

In Fig. 3c the exhaust portions A-B-F of the card in Fig. 3a 
have been plotted on a time basis with corresponding diagrams 
from the opposite cylinder shown as the dotted lines A’-B’-F’. 
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Fig. 3d shows the draft card taken on a time basis and, by com- 
parison of these exhaust-pressure and draft cards it is at once 
apparent that the draft fluctuations correspond very closely with 
the exhaust pressure, and that the draft at any instant appears 
to be proportional to the exhaust pressure at that instant. 

That back pressure is essential to the production of the forced: 
draft, required for burning fuel at the required rates in a steam 
locomotive, has been established through experience, and it is 
universally recognized that excessive back pressures result in 
losses in power. The term back pressure, however, requires 
definition. Since draft in a locomotive boiler is a function of 
exhaust pressure, it is proper to consider the average pressure in 
the exhaust passages or at the nozzle when making a study of the 
draft-exhaust-pressure relationship. The relationship of cylinder 
back pressure to the net rotative forces transmitted to the crank- 
pins, however, cannot be properly determined by considering 
average exhaust pressure, but only through an analysis of the 
actual pressure fluctuations against the pistons throughout the 
stroke cycle as related to the positions of the crankpins, thus 
determining the actual torque being developed by net piston 
thrust and rod leverage. 

Power involves the factor of time or, in the case of the loco- 
motive, revolutions per minute or speed in miles per hour. If 
back pressure were uniform throughout the exhaust cycle and at 
all speeds, the power ioss due to back pressure would be in direct 
proportion to speed. However, it has been found that the back 
pressure not only varies over the exhaust cycle for each release 
of steam from the cylinder under given conditions of throttle 
opening, cutoff, and speed, but also varies with changes in these 
operating conditions. Generally speaking, at speeds above 
15 or 20 mph, the cylinder back pressure acting negatively 
against the pistons, does not show extreme variations due to the 
release humps, and the power loss, as calculated from the average 
back pressure shown on the indicator card more nearly represents 
the actual back-pressure power loss, But at starts and through- 
out the speed range up to 15 or 20 mph, generally speaking, there 
is a pronounced hump in the cylinder back-pressure line on each 
side, and the power loss, as calculated by the horsepower formula 
and using average back pressure, does not represent the true 
power loss. The pressure humps retard the pistons at or near 
the positions of maximum leverage and it would be more correct 
to use the actual back pressure at mid-stroke in calculating 
back-pressure horsepower loss rather than the least or the 
average cylinder back pressure as commonly has been done. 
The truth of these statements will be evident from a study of 
Fig. 4. 

The obvious conclusion to be drawn from the preceding is the 
desirability of the complete separation of the exhaust passages 
from the two cylinders in the conventional design or, in other 
words, a return to the double-nozzle arrangement which was well 
known and successfully employed in numbers of locomotives prior 
to about the year 1900; after which it gradually disappeared. 
The principal reason for the elimination of the double nozzle was 
the recommendation of a committee of the American Railway 
Master Mechanics Assn. published in its 1896 report,’ which in- 
cluded among other things, the statement that: “A comparison 
of efficiencies of the double and single nozzles indicates but little 
difference when proper height of nozzles is chosen.” 

This conclusion was based on a series of test runs made on a 
testing plant with the same locomotive equipped successively 
with single and double nozzles. The tests included some varia- 
tion in nozzle and nozzle-stand design and proportions. The 


majority of the tests were run at a uniform speed of 35 mph and 
the back pressure was taken as cavity pressure or least back 


5 Report of Exhaust Pipes and Nozzles, vol. 19, American Rail- 
way Master Mechanics Association, 1896. 
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pressure as determined from indicator cards taken with a 10-lb 
spring. The efficiencies of the front-end proportions and relation- 
ships tried were measured by the ratio: (Smokebox draft, 
inches of water) /(Least cylinder back pressure, lb per sq in.). 
From the results of some tests run at a speed of 15 mph it was 
concluded that draft “efficiencies” (on this basis) were high with 
the conventional single-nozzle arrangement. From an examina- 
tion of Fig. 4 it is apparent that this would necessarily follow 
because of the relatively high draft and relatively low least back 
pressure. It appears therefore, that the method and unit of 
measurement adopted by the M. M. committee led to entirely 
erroneous conclusions in its report in 1896, as regards the back- 
pressure-draft relationship from a power standpoint, and yet this 
report practically sounded the death knell of the double nozzle 
in this country and its use gradually disappeared during the next 
decade. 

Apparently, it was concluded that the 1896 tests entirely set- 
tled the single-nozzle-double-nozzle controversy since, in subse- 
quent tests conducted by the M. M. committee and the more 
extensive series of tests conducted under the auspices of the 
American Engineer* (1901 to 1903), no further tests were made 
of the double nozzle. 


’ €“Tocomotive Draft Appliances,” tests conducted by the American 
Engineer and Railroad Journal, G. M. Basford, editor; starting with 
October, 1901, issue and concluding with September, 1903, issue. 
Review of subject and results of a series of tests carried out at the 
locomotive testing plant, of Purdue University. 
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For a period of about 20 years (1900 to 1920) the , double 
nozzle was practically forgotten in this country but it was re 
vived by the late T. E. Layden who developed the design which 
bears his name. It is at present standard for large power on the 
Santa Fe Railway system and has been applied to locomotives 
on a number of roads during the past 10 years. 

It will be of interest to study Fig. 5 which shows a comparison 
of the cylinder powers and the exhaust pressures of the same 
locomotive equipped with (a) the Standard single restricted circu- 
lar nozzle of constant area with intercommunicating exhaust 
passages, (b) the Lewis exhaust governor, a single-slot nozzle of 
variable area, with intercommunicating exhaust passages and an 
expansion chamber, and (c) the Layden nozzle, with four round 
nozzle openings of constant area, two serving each cylinder, 
and separate exhaust passages. 

Inasmuch as the indicator cards shown represent the final 
adjustments for the most satisfactory steaming in each case, 
the comparison of the cylinder performance for the three methods 
of drafting a modern steam locomotive in actual road service 
are thus made available under heavy working conditions at 
relatively low speeds representing starting, 0 to 5 mph range; 
12.9 mph, 12 to 15 mph range, and 23 mph, 20 to 25 mph range. 
The influence of the exhaust releases from one side building up 
cylinder back pressure on the opposite side at the positions in the 
exhaust stroke where it has the maximum retarding effect on the 
pistons, is clearly evident in both the Standard and the Lewis 
arrangements, whereas, the elimination of this condition by 
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separating the exhaust passages and providing separate nozzle 
openings in the case of the Layden double-ported nozzle is also 
clearly evident. What then, if any, are the limitations of the 
separated exhausts and double nozzle as exemplified in the Layden 
arrangement? 

Examination of the exhaust-pressure cards of Fig. 5, will 


show clearly that the Layden arrangement, employing as it does ° 


nozzle openings of constant area, has a definitely limited capacity 
for back-pressure relief for the same reason as does the Standard 
single nozzle of constant area. The retention of pressure in the 
cylinder from point of release to well past mid-position is evident 
at the 12.9-mph speed, whereas, at 23 mph, the capacity of the 
constant-area nozzles to discharge the volume of steam from the 
lower-pressure but higher-frequency exhaust releases has been 
exceeded, and cylinder back pressure throughout the exhaust 
stroke is relatively high. Also it would increase rapidly with 
further increase in cutoff at the speed range represented, whereas, 
the Lewis exhaust governor which, at this speed range is func- 
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tioning as a truly automatic variable nozzle, has increased the 
nozzle area to reduce cylinder back pressure between successive 
exhaust humps. The benefit of decreased back pressure due to 
nozzle variation with the Lewis variable nozzle, however, has 
been offset by the crossover pressure built up near the mid-stroke 
position through the intercommunicating exhaust passages. 
At this point it is well to bring out that cylinder back pressure 
is not entirely chargeable to nozzle restriction alone but is always 
due in part to the inherent restrictions in the valve openings 
(time and area) during the release events and to the directional 
turns and restrictions in the exhaust passages. This, of course, 
varies in different locomotives. The degree to which cylinder 
back pressure can be reduced by enlarging the nozzle area in ; 
locomotives built with the conventional valve gears and exhaust 
passages, is limited, therefore, as will be seen from the data pre- 
sented in Fig. 6. The records in this figure were secured from 
locomotives equipped with the Lewis exhaust governor, the con- 
struction of which made it possible to vary the area of the exhaust 
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nozzle manually at will from the 
outside of the locomotive while 
it was working, and thus make 
possible the determination of 
cylinder back pressure due to 
valve and exhaust-passage fixed 
resistances as distinct from that 
due to nozzle restriction. It will 
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be noted from a study of the 
exhaust-pressure indicator cards, 
that the cylinder back pressure 
due to valve and exhaust-passage 
resistance is from 1 to 2 lb near 
the end of the stroke (least back 
pressure), and from 3 to 4 lb per 
. sq in. at mid-stroke. These 
\ inherent cylinder back pressures 
to the fixed exhaust passage 
and valve resistances in the 
ventional locomotives shown 

<2.8LBAVG ~~ could not be eliminated by en- 
tirely eliminating the restrictions 

in the nozzle tips. 


34 MPH 
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240 32 Again, in considering back- 
2a/——.— AVERAGE pressure reduction resulting from 
increased nozzle area, it is of 
~=--2.75 57.2 coursenecessary to recognize that 
there must always be sufficient 
nozzle restriction to draft the 
locomotive satisfactorily, for free 
steaming and smoke elevation 
with a smokestack of fixed area 
and proportions. In this con- 
nection it must also be recognized 
that the higher rates of power 
development in a steam locomo- 
tive are at the higher speeds and 
that, with the increase in the 
steam requirements on a given 
boiler, it is essential to provide 
for an increase in draft through a 
proportionate increase in nozzle 
pressure. That this relation- 
ship is provided in the present 
conventional methods of drafting 
steam locomotives with exhaust- 
steam discharge through nozzles 
-of fixed area explains the survival 
of this method since its applica- 
tion to the first successful steam 
locomotive. It is a  well-es- 
tablished fact however, that an 
exhaust nozzle of relatively large 
area is most economical at slow- 
speed long-cutoff operation, for 
rapid acceleration in starting, or 
where the locomotive is worked 
at or near capacity at the higher 
speeds. A smaller nozzle area, 
other things being equal, is more 
economical at the average or 
lesser rates of power develop- 
ment. General practice is to 
equip a locomotive with a nozzle 
area somewhere between these 
two, probably favoring the 
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smaller area to insure a mar- 
gin for steaming without re- 
gard to power conservation. 


INCREASING THE EcONOMIC 
RANGE OF THE RECIPROCAT- 
STEAM LOCOMOTIVE 


The only justification for 
the variable nozzle over the 
constant nozzle, therefore, is 
to increase the economic 
range of the locomotive by 
increasing the range through 
which draft proportional to 
the rate of steam demand 
on the boiler is realized. 
That there is a limitation in 
the economic working range 
of asteam locomotive, drafted 
with a conventional con- 
stant-area nozzle, is shown 
from data made available 
from locomotives operated on 
the locomotive testing plant 
of the Pennsylvania Railroad’ 
as shown in Fig. 7. The 
curves are plotted from the 
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DESIGN STUDY 
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test-plant performance of a 
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class-I1s, decapod-type loco- 
motive (250-Ib sq in. boiler 
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pressure, 70-sq ft grate, 35.8- 
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sq in. exhaust nozzle). The 
curves show performance at a 
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constant speed of 14.7 mph 


with cutoffs varied from half 
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to full stroke (approximately 
55 per cent maximum). All 
tests plotted are for full- 
throttle operation. These 
curves rather definitely show 
that as the power is increased, 
other operating conditions 
remaining substantially con- 
stant, there is a propor- 
tionate and uniform increase in the boiler-evaporation require- 
ments and indicated horsepower throughout the ranges shown; 
whereas, the coal consumption, boiler efficiencies, and drawbar 
horsepower show a deviation from a corresponding propor- 
tionate trend due to the decided unbalancing of the exhaust- 
pressure-draft relationship by reason of the limited capacity of the 
constant-area nozzle. 

Having thus shown that a complete separation of the exhaust 
passages from the cylinders of the conventional two-cylinder 
reciprocating steam locomotive, as exemplified in the Layden 
double-ported nozzle, is decidedly advantageous and that a 
fixed-area nozzle limits the economic range of the locomotive, 
what then remains to be accomplished in the design of the exhaust 
passages and nozzle to gain further improvement in over-all 


locomotive performance and economy over the Layden arrange- 
ment? 


EXHAUST PRESSURE,LB PER SQ IN. 


It would appear from studies and preliminary experimental 
work carried out by the author during the last 15 years, that 
there are two possibilities worthy of consideration: 


" “Tests of a Class Ils Locomotive,” United States Railroad Ad- 
ministration—Pennsylvania Railroad, Bulletin No. 31, 1919. 


ACTUAL EXHAUST CARDS — 25"X 28" CYLS. FULL THROTTLE 70 %eCO. 
5 MPH DESIGN (b) 
(d) 


Fic. 8 Proposep Design MopIFICATIONS OF THE ExHaust STAND AND NozzLE Derarts TO EMpLoy 


THE PRINCIPLE 


[(a) Shows a constant-area double-nozzle ejector; (6) and (c) show the same ejector principle in combination with 
automatic variable nozzles; (d) actual exhaust-pressure cards secured with the construction (b).] 


1 Replacement of the constant-area nozzle by an automatic 
variable nozzle to increase the economic steaming range. 

2 Utilize a portion of the available energy in the exhaust 
steam as released from the cylinders on one side to reduce the 
cylinder back pressure on the opposite side through an ejector 
action within the exhaust stand and nozzle, to be accomplished 
by modifications in the design of those parts. 

Proposed design modifications for the accomplishment of one 
or both of these possibilities are indicated in Fig. 8 where design 
study a shows a constant-area double-nozzle ejector and design 
studies b and c show adaptations of the same ejector principle in 
combination with automatic variable nozzles. All three of these 
proposed constructions have a common means of centralizing 
the flow of the exhausts from the two exhaust channels within 
the nozzle just prior to discharge, by means of a fluted dividing 
wall, which also forms the ejector through the intermingling of 
the streams of exhaust steam at the top of the dividing wall and 
within the top of the nozzle. 

The practicability of this ejector principle has been proved in 
actual service on a 25 X 28-in. switch engine equipped with an 
experimental nozzle constructed along the lines indicated in design 
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b. A typical record of pressures in the exhaust passage of this 
locomotive, taken close to the cylinder with an indicator fitted 
with a light spring, is shown in Fig. 8d. It will be noted that 
there was a reduction in the cylinder back pressure, at or near the 
position of maximum crankpin torque on the working side, to a 
point actually below the atmospheric line for the relatively slow 


speed shown. 


SUMMARY AND RECOMMENDATIONS 


Consideration of the foregoing basic facts regarding the char- 
acteristics of the back-pressure-draft relationships of the con- 
ventional two-cylinder reciprocating steam locomotive and the 
restricted economic range resulting from the limitations of the 
single nozzle of constant area and intercommunicating exhaust 
passages, supplemented by observations of the performance of 
steam locomotives in road service under varied conditions, 
prompts the author to suggest a line of research leading to the 
most likely improvement of the economic range of the steam 
locomotive, as here summarized: 

1 The exhaust passages from the two cylinders should be 
separated between valves and nozzle in such manner as to elimi- 
nate the cross-fire exhaust-pressure humps in the cylinder back- 
pressure cycle, at or near the points of maximum leverage of rods 
in relation to cranks. This is realized in the Layden double- 
ported nozzle and exemplified in the proposed construction shown 
in Fig. 8a. The full accomplishment of the separation of the 
exhaust passages, in the case of locomotives equipped with feed- 
water heaters which draw exhaust steam from the exhaust 
passages through intercommunicating connections into each side 
(thus making a by-pass between the exhaust passages of the two 
cylinders through the feedwater heater), might necessitate the 
provision of check valves in the exhaust-steam connections to the 
heater. 

2 The energy in the exhaust steam, as liberated from the cylin- 
ders at release openings of the valves, is more than is required for 
drafting the locomotive, elevating the smoke above the train, 
and heating the feedwater. That portion of this energy that is 
thrown away in the conventional draft appliance should be 
utilized to reduce the cylinder back pressure on the working 
cylinder, through modification of the design and construction of 
the exhaust stand and nozzle. This is exemplified in the pro- 
posed designs shown in Fig. 8. 

3 The economic range of the exhaust nozzle of fixed area and 
shape should be increased by the use of a variable nozzle, prefer- 
ably automatically rather than manually controlled. The value 
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of: (A) An increased nozzle area for quick starting and rapid 
acceleration has been established beyond question, and the value 
of (B) a gradually controlled and limited-yielding nozzle at 
speeds above from 30 to 40 mph, as the power demands on the 
boiler increase, and a contracting nozzle as the power demands 
on the boiler decrease (at all speeds) is obvious for the full realiza- 
tion of a proportional exhaust-pressure-draft relationship over 
the wide range of possible power development. The objective 
(A) seems attainable through some adaptation of the con- 


struction as exemplified in Fig. 8b, and both (A) and (B) might . 


be obtainable through the development of the design study 
shown in Fig. 8c. 

4 Elevation of smoke and gases above the locomotive cab 
and train is an essential requirement of an entirely satisfactory 
draft appliance, particularly for passenger locomotives. Exces- 
sively large nozzle areas with correspondingly large stack areas, 
while serving a useful purpose under relatively heavy working 
conditions in the lower speed ranges, have the decided disad- 
vantage of trailing smoke and gases to an objectionable degree 
under relatively light working conditions in the higher speed 
ranges. This was a particularly objectionable feature of the 
MacFarland fan draft and of the original Lewis draft appliance. 
where large-area stacks and low velocity of discharge were em- 
ployed. The stack should be as high as road clearances will 
permit and of an area and shape to give maximum density and 
velocity of discharge consistent with all-around economic co- 
ordination with the exhaust-pressure-draft relationship. The 
proposed ejector nozzle should make possible the reduction of 
cylinder back pressure without resort to excessively large nozzle 
areas and thereby function with stacks having sufficient restric- 
tion to insure smoke elevation throughout the speed range of the 
locomotive. The automatic variable ejector nozzle should 
maintain a pressure of the exhaust jet for satisfactory smoke 
elevation under light working conditions and drifting at the 
higher speeds without having to resort to the use of a blower. 

5 With satisfactory control of cylinder back pressure in a 
compound steam locomotive made possible through the develop- 
ment of the proposed automatic variable ejector nozzle, it should 
be possible to revive the four-cylinder balanced compound type 
to combine the established benefits of high boiler pressure through 
compounding and the low water rates through compounding and 
superheating, and design and build more perfectly balanced 
reciprocating locomotives of relatively high power per unit of 
weight for economically handling lightweight passenger equip- 
ment at the fast scheduled speeds of the future. 
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Air Resistance of Railroad 
Equipment' 


H. 8S. Vincent.? The author continues the discussion of a 
series of tests on locomotive and car models conducted in 1934 in 
the 9-ft wind tunnel of the Daniel Guggenheim School of Aero- 
nautics at New York University, and under the direction of 
Professor A. Klemin. The tests were used as the basis of earlier 
papers.** The paper under discussion is a more detailed presen- 
tation of the test data than that given previously, it includes 
additional data and reviews similar work done by earlier experi- 
menters. 

The writer believes that no criticism can be made of the manner 
in which the basic tests were conducted or of the results secured. 
The allocation of the total drag between form resistance and skin 
friction is the result of calculation. So far, no satisfactory 
method has been devised for isolating these effects. The formu- 
las proposed by Professor Klemin for relating the test data to 
full-sized locomotives or trains have been simplified by the author 
for the purpose of eliminating fractional exponents, thus making 
the formulas more convenient for practical use. These changes 
introduce some inaccuracies, but as a rule these are negligible, 
especially at the speeds for which streamlining is intended. 

In passing, the writer wishes to report that he has found it 
impossible to check Equations [7] and [8] of the paper. It 
would appear that these should have the form 


Ry = 0.0375(5/2) V*S(VL/v) . {1} 


In discussing a subject such as the streamlining of steam loco- 
motives it is sometimes illuminating to present a concrete ex- 
ample as a basis of comparison. For this purpose, the writer has 
drawn a parallel between two locomotives, one of ordinary con- 
struction and the other fully streamlined but otherwise identical 
with the first. The locomotive selected for this purpose is the 


‘ Published as paper RR-59-4, by A. I. Lipetz, in the October, 
1937, issue of the A.S.M.E. Transactions, vol. 59, pp. 617-640. 

* Consulting Engineer, East Harwich, Mass. Mem. A.S.M.E. 

“Air Resistance of Passenger Trains,’’ by G. W. DeBell and A. I. 
page Railway Mechanical Engineer, vol. 109, December, 1935, pp. 
96-501. 

‘Natural Winds in Air Drag,” by G. W. DeBell, Railway 
Mechanical Engineer, vol. 110, April, 1936, p. 145. 


TABLE 1 FORMULAS FOR LOCOMOTIVE, TENDER, AND CAR RESISTANCE 


TABLE 2. AIR RESISTANCE OF STANDARD LOCOMOTIVE AND 
TENDER AS DETERMINED IN VARIOUS WIND-TUNNEL TESTS 
AND FROM OTHER SOURCES WHEN REFERRED TO THE 
FORMULA Roe = aAV*%(1)%> WHERE A = 137 SQ FT 


Authority a Ra, |b 
Cole formula from locomotive handbook*........ 0.00200 2740 
Lipetz formula: Ra = KpV? + AsV?.......... 0.00206 2821 
Test of Pennsylvania class K-4s model locomotive 
at New York University, (6)................ 0. 3370 
Borsig Locomotive Works, test of 1932 (1)¢ ; 3615 
Canadian National Railway, test of 19324....... 0. 3670 
Berlin-Zossen Railway, tests of 1903-1905 (1)#... 0.00285 3905 


* Numbers in parentheses refer to footnote references of this discussion. 

+5 See Equation $| of the paper under discussion. 

¢ See Equation [9] of the paper under discussion. 

4d See Equation [27] of the paper under discussion. 

¢ “Locomotive Handbook,’’ American Locomotive Company, New York, 
N. Y., 1917, pp. 16-23. ; 

/ As conducted, this test included the locomotive, the tender and one 
coach; the coach was assumed to be streamlined and allowance was made 
for the assumption. 

9 See p. 619 of the pes under discussion. 

h ‘Aerodynamics of the Railroad Train,"’ by Alexander Klemin, Railway 
Mechanical Engineer, vol. 108, August, September, October, 1934. See 
p. 359 of the October issue. 

i See p. 634 of the paper under discussion. Authors reference: ‘ Schnell- 
bahnversuche Marienfelde-Zossen,"’ Electrotechnische Zeitschrift, vol. 24, 
November 12, 1903, p. 939; also, Street Railway Journal, vol. 25, June 3, 
1905, p. 988. 


4-6-4 Hudson-type prototype of the model used in the wind- 
tunnel tests under discussion. The complete train equipment 
used in the comparison is given in the following four paragraphs: 


(a) Astandard Hudson-type locomotive and tender coupled to 
eight streamlined passenger coaches, the rear coach being of 
beaver-tail design. The cars are carried on six-wheel trucks, the 
total car weight is 800 tons, and the total car length is 672 ft. 

(b) A fully streamlined Hudson-type locomotive and tender 
coupled to the same train described in (a). 

(c) A standard Hudson-type locomotive and tender coupled to 
twelve light streamlined coaches, the rear coach being of beaver- 
tail design. The cars are carried on four-wheel trucks, the total 
car weight is 800 tons, and the total car length is 1008 ft. 

(d) A fully streamlined Hudson-type locomotive and tender 
coupled to the same train described in (c). 


It will be observed that the same number of car axles is used 
in both the eight-car and twelve-car trains. The shorter train is 
intended to represent the heaviest type of Pullman-car construc- 
tion. The writer chose streamlined cars rather than those of 
standard construction because the coefficients as found in the 
wind-tunnel tests for standard cars are not 
recommended for extrapolation to longer 


Locomotive and car r 


( Re = 0.000924A V2/WN 


— ~ trains. The shape of the rear car in all of 
Guill als the trains is assumed to be the same as 
that of model car No. 2 described in the 
paper. 

In estimating the frictional resistance of 
locomotives and cars, the formulas proposed 
by W. J. Davis, Jr., have been used, except 
that for the steam locomotive which has 
+ been modified as recommended by the Bald- 


Description Frictional 
29 20T 
Standard steam locomotive Ry = 1.3 + wt 0.03V + WN 
29 Re = 0.002AV2/WN 

Standard tender........... Re = 13+ WwW + 0.045V 
Streaml 207 

Streamlined tender........ Ry = 1.3 +7 + 0.0450 
Streamlined passenger coach 29 .0013 

with open Ry = 1.3 + + 0.0380 


* In the equations Ry = frictional resistance on level tangent track, Ib per ton; Re = air resistance 
rton; A = area of cross section of locomotive = 137 sq ft for the standard locomotive 
= number of axles per locomotive, 
car, or train; W = average weight per axle, tons; L = over-all length of car or cars in train, ft; 

¢ = perimeter of car from the plane of the top of the rails on one side, over the car, and to the plane 
of the top of the rails on the other side—assumed to be 34.5 ft; T = weight on locomotive driving 
wheels, tons; K = factor for the tail of the rear coach when bluntly streamlined = 0.000061 X 129. 

Nore: In calculations of drawbar pull, the weight of the tender is taken with the tender filled to 


in still air, Ib 


and 138 8q ft for the streamlined locomotive; V = speed, mph; 


two-thirds capacity with fuel and water. 


WN win Locomotive Works. The air resistances 
have been calculated from the formulas de- 
veloped in the wind-tunnel tests as rec- 
ommended by the author. These formulas 
are given in Table 1 of this discussion. 

In estimating the air resistance of the 
standard locomotive and tender, the 
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author’s recommended formula Ra = 0.002AV? has been used. 
The difficulty of establishing the air resistance for a locomotive 
of standard construction is evidenced by the data given in Table 2 
of this discussion in which a number of values of a and Ra are 
given, as determined from various tests and other sources. 

The locomotive tractive effort is calculated in accordance with 
equations developed by the writer.® 

In the writer’s further discussion, the standard locomotive will 
be designated as locomotive A, and the fully streamlined loco- 
motive will be designated as locomotive B. 
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Fie. 1 Tractive Errort, DRAWBAR PULL AND TRAIN RESISTANCE 
oF Locomotives A AND B on LEVEL TANGENT TRACK 


Curve a in Fig. 1 shows the cylinder tractive effort of loco- 
motives A and B related to speed in miles per hour. Curve b 
represents the calculated drawbar pull of locomotive A; curve c 
represents the drawbar pull of locomotive B. Curve d represents 
the total resistance of the eight-car train on level tangent track; 
and curve e represents the resistance of the twelve-car train under 
similar conditions. The difference in resistance between the two 
trains is due solely to the greater skin friction of the longer train. 

In estimating the drawbar pull of locomotive B, it is necessary 
to determine the increase in weight caused by the application of 
the streamlined casing. Very little information has been made 
public on this subject. Data® descriptive of the Pennsylvania 
Railroad class K-4s locomotive after it had been streamlined 
gives the weight as 337,850 lb. The reported weight’ of this 
class of locomotive as built in 1928 was 308,890 lb, a difference of 
28,960 lb. From this weight difference, the writer assumes that 
the locomotive was also fitted with a set of roller bearings, leaving 
about 20,000 lb chargeable to the streamlined casing. The re- 
ported weight® of the New York Central partially streamlined 
Hudson-type locomotive Commodore Vanderbilt is 370,000 lb, 
indicating a weight of 18,000 lb for the casing. Therefore, it has 
been assumed that the application of a completely streamlined 
casing to the Hudson-type locomotive under consideration in- 
creases its weight 20,000 lb and adds 4000 lb to the weight of the 
tender. 

It will be seen from Fig. 1 that locomotive B can move the 
eight-car train at a maximum speed of 100.75 mph as contrasted 
with a maximum speed of 95.75 mph for locomotive A, a speed 


5 “Ratios of Modern Locomotives,” by H. S. Vincent, Railway 
Mechanical Engineer, vol. 107, November, December, 1933, p. 390 
and p. 429. 

€“Streamline Steam Locomotives,” 
neer, vol. 110, April, 1936, p. 135. 

7“Examples of Recent Passenger Locomotives,” 
chanical Engineer, vol. 103, November, 1929, p. 677. 

8 “Progress in Railroad Mechanical Engineering in 1937,’’ Me- 
chanical Engineering, vol. 59, December, 1937, p. 934. 
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increase of 5.26 per cent due to streamlining. The twelve-car 
train can be handled by locomotive B at a maximum speed of 95 
mph as against a maximum speed of 91 mph for locomotive A; 
in this case, the increase in speed due to streamlining is 4.4 per 
cent. In other words, under the given conditions it requires an 
increase of from 15 to 20 per cent in drawbar pull to achieve a 
difference of approximately 5 per cent in road speed. The per- 
centage increase in drawbar pull of locomotive B over locomotive 
A, and the relative resistance of the eight-car and twelve-car 
trains are shown in Fig. 1. 

The conditions shown in Fig. 1, that is, operation on level 
tangent track, are the most favorable for streamlining, since 
under such conditions the air resistance constitutes a larger pro- 
portion of the total resistance than under any other operating 
conditions. 

It has been shown that the application of a streamlined casing 
to locomotive A involves a weight increase of 20,000 lb. This 
augmented weight may be utilized to build a more powerful 
standard locomotive. An investigation of the dimensions of 
locomotive A indicates that the changes enumerated in the third 


TABLE 3 CHARACTERISTICS OF LOCOMOTIVE A, | aed THOSE 
ASSUMED FOR LOCOMOTIVES B AND 


Locomotive 
A, standard B, 
construction streamline 


Locomotive 
C, standard 
construction 
Locomotive: 

Wheel arrangement............ 

Cylinder diameter, in 


Driving wheel diameter, in 

Boiler pressure, lb per sq in. gage 

Weight on drivers, in working 
order, lb 

Total locomotive weight, lb... . 


187000 
352000 


Heating surface, sq ft: 


Firebox and arch tubes 
Tubes and flues 
Total evaporative 
Superheating 

Grate area, sq ft 


Tender: 


Water capacity, gal 
Fuel capacity, tons 
Weight fully loaded, lb 


311000 
column of Table 3 of this discussion can be made within the in- 
creased weight and at a cost approximately the same as for stream- 
lining. To provide equal steaming radius, it is desirable also to 
enlarge the tender capacity as indicated in Table 3. In the 
writer’s subsequent discussion, the enlarged standard-type loco- 
motive and tender will be designated as locomotive C. 

Curve a of Fig. 2 represents the tractive effort of locomotive C, 
its drawbar pull on level tangent track being represented by 
curve b. The drawbar pull of locomotive B under similar condi- 
tions is shown as curve c; it will be observed that curves b and c 
cross at a speed of 93 mph. The resistance of the twelve-car 
train is shown by curve d, which curve indicates that the train 
can be moved under the given conditions by either locomotive B 
or C at a speed of approximately 95 mph. 

At all speeds less than the maximum, locomotive C has an 
obvious advantage in power which may be utilized for accelera- 
tion, grade work, or the numerous other uses for additional power 
which arise in the operation of trains. For example, locomotive 
C with a twelve-car train can negotiate a 1 per cent grade at a 
speed of 40.25 mph, whereas locomotive B on this grade is limited 
to a maximum speed of 36.5 mph. This condition is shown in 
Fig. 2 by curves e and f, respectively. 

The air-resistance coefficients given by the author apply only 
to the operation of trains in still air. DeBell‘ has shown that 
natural ground winds may greatly increase the resistance of 
trains, depending upon the direction and velocity of the wind. 
Because of the greater surface offered by a streamlined locomotive 
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and train, the effect of ground winds tends to neutralize the ad- 
vantage of streamlining. 

What this may mean in train operation is shown in Fig. 3 in 
which curve a represents the tractive effort of locomotive B, and 
curve b represents the tractive effort of locomotive C. The total 
resistance of locomotives B and C with that of the eight-car 
train when operating on level tangent track under the influence 
of a 30-mile wind is represented by curves ¢ and d, respectively. 
The direction of the wind is assumed to be at an angle of 50 deg 
forward from the center of the train. It is apparent from Fig. 3 
that locomotive B can handle the train on level tangent track 
at a speed of approximately 84.75 mph as against a speed of 
83.25 mph for locomotive C. 

When operating on a 0.5 per cent grade, under the same condi- 
tions of head wind mentioned in the preceding paragraph, the 
relative speeds which can be made by locomotives B and C while 
hauling the twelve-car train are shown in Fig. 3 by curves e and f, 
respectively. It will be seen from these two curves that loco- 
motive C can handle the train at a speed of 55 mph while loco- 
motive B can handle the train at a maximum speed of 53 mph. 
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Fic. 2. Tractrtve Errort or Locomotive C, DrRaAwBAR PULL OF 
Locomotives B anp C, AND THE RESISTANCE OF THE TWELVE-CAR 
TRAIN ON LEVEL TANGENT TRACK AND A 1 PER CENT GRADE 


From the examples given in this discussion it would appear 
that with a train which can be operated at maximum speeds 
between 90 and 100 mph one of the chief arguments for the 
streamlining of the steam locomotive when compared with a 
standard locomotive of equal weight, that is, a significant increase 
in power and train speed, proves to be fallacious. 

Curve a in Fig. 4 shows, on the basis of relative horsepower, 
the indicated horsepower of locomotives A and B, while curve b 
shows the indicated horsepower of locomotive C. The drawbar 
horsepower of locomotives A, B, and C is shown by curves ¢, @, and 
e, respectively. The resistance of the eight-car and twelve-car 
trains is represented by curves f and g, respectively. 

The difference in air resistance between locomotives A and B, 
at a speed of 100 mph, is 391 hp. The actual difference, as 
indicated in Fig. 4, is365 hp. The increased weight of locomotive 
B absorbs 26 hp at this speed. 

Economy of operation as expressed by the cost of fuel ex- 
pended per drawbar horsepower-hour, provides a more valid 
reason for the streamlining of steam locomotives and would con- 
stitute an unanswerable argument if the speed of trains could be 
maintained for any appreciable length of time at 100 mph or 
more, However, such sustained speed is impracticable without 
4 revolution in the operating methods of the railroads, involving 
the reconstruction of every mile of main-line track. There is 
little probability that such speeds will be attempted on a large 
seale under present conditions, since the factor of safety is thereby 
reduced to the vanishing point. 
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Sillcox® has shown that under favorable conditions, and with 
the most modern power-brake equipment acting upon all of the 
wheels, a train running at 100 mph when braked from the loco- 
motive requires a distance of 2600 ft to bring it to a stop. 
While under the best braking conditions now existing, with con- 
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ventional equipment, 4800 ft are required in which to stop a 
train from 100 mph. Quoting Mr. Silleox: “More power in the 
locomotive is really needed rather than a higher top speed and 
this can be done; otherwise, an increase in the average rate means 
a top speed that may go beyond the reasonably safe limit for 
many existing routes. In other words, the best way to increase 
the speed is by sustaining it throughout the run.” There is more 
in the paper quoted® that will repay reading by any one considering 
the streamlining of steam locomotives for the attainment of high 
speed. 

It has been shown that at a speed of approximately 93 mph 
locomotives B and C deliver equal drawbar horsepower. At this 
speed, the indicated horsepower of locomotive C is about 9 per 
cent greater than that of locomotive B, and we may assume that 
the fuel consumption will be in the same ratio. To offset the de- 
creased fuel cost at high speed, the less powerful locomotive B has 
the following disadvantages: 

1 Less availability of the locomotive for normal operation, 


*“*How Fast Is too Slow,”’ by L. K. Mechanical Engi- 
neering, vol. 59, July, 1937, pp. 511-514. 
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especially for grade work, acceleration, and service under adverse 
conditions. Trains scheduled at a maximum speed of 100 mph or 
more must, because of exigencies of the service, be operated at a 
much lower speed for a considerable portion of the time. The 
additional power of locomotive C is very useful in reattaining 
normal speed from slowdown or stop orders. Fig. 5 shows the 
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relative acceleration of locomotives B and C with the twelve-car 
train on level tangent track from 30 mph. For grade work, the 
showing would be even more favorable to the more powerful 
locomotive. 

2 The expenditure for streamlining of from 8 to 10 per cent 
of the total cost of the locomotive without increasing its useful- 
ness or availability except for speeds approximating or exceeding 
100 mph. 

3 Increased cost of maintenance by reason of the machinery 
and boiler being relatively inaccessible for inspection or ordinary 
maintenance, as well as the additional cost of maintaining the 
casing in a presentable condition. Many otherwise useful im- 
provements in locomotive design and construction have been 
proved impracticable in service on account of reduced accessi- 
bility. This is a condition which is well known to railroad 
men. 

These manifest disadvantages accompanying the streamlining 
of the steam locomotive may easily offset the theoretical fuel 
economy of the less powerful locomotive when operating at high 
speed. 

It will be understood that all of the arguments advanced by 
the writer against streamlining apply only to the steam loco- 
motive. It is manifestly advantageous to use streamline con- 
struction for passenger coaches as well as all forms of prime 
movers which are normally housed in a car or cab, such as the 
Diesel, electric, light-oil, or other similar types, because their 
construction is such that they may be streamlined at a nominal 
cost and thereby secure the undoubted advantages of reduced 
resistance and improved appearance. 

Those who have been closely connected for many years with the 
development of the steam locomotive and who have seen it 
evolve slowly into its present form realize that it has come to 
possess a beauty and symmetry of line which they deprecate 
hiding under a casing. Those who cherish the present appear- 
ance of the steam locomotive would, I am sure, have no objection 
to certain changes in detail which would offer aerodynamic ad- 
vantages without marring its general appearance. 
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Tietjens and Ripley” have shown that at a wind speed of 100 
mph a wire of '/; in. diameter offers the same resistance as a 
streamlined strut 2'/, in. thick. This fact suggests that a signifi- 
cant reduction in locomotive air resistance may be made by a 
simple change in the shape of the smoke stack, sandbox, domes, 
and other protuberances. The cab front may be shaped to offer 
less resistance, the boiler front made of semispherical or of para- 
bolic contour, and the rear of the tender faired to meet the contour 
of a streamlined coach. Such alterations make the minimum 
change in the present appearance of the locomotive and would 
involve relatively little weight increase or additional cost. 


H. L. Drypen'! anp R. H. Heavp.'? In discussing this paper 
it may be helpful to outline the factors which should be considered 
in planning experiments of this kind and in interpreting the 
results. These are (1) Reynolds’ number or scale effect; (2) the 
effect of the turbulence of the air stream in the wind tunnel; (3) 
the representation of the influence of the ground; (4) the influ- 
ence of changes in speed and static pressure along the axis of the 
wind tunnel; and (5) the effect of side winds. 

1 Reynolds’ Number or Scale Effect. If it is assumed that 
the air force F on a body of specified shape and presentation 
depends only on the relative speed V between the vehicle and the 
air, a linear dimension L fixing the scale, the density p, and the 
viscosity » of the air, it may be demonstrated that the law of 
variation must be of the form F = kL?V?, where k is a function 
of the Reynolds number VLp/z. For some bodies, especially 
those with flat surfaces and sharp edges, k is independent of the 
Reynolds number and model results may be stepped up in ac- 
cordance with the “square law’ of speed and scale. For many 
other bodies, especially those with curved surfaces and those 
approaching the spherical form, there is considerable variation 
with Reynolds’ number. It is not feasible in practice to have the 
Reynolds number the same for model and full seale, except in a 
compressed-air wind tunnel in which p can be varied, and hence 
extrapolation is necessary. This extrapolation is guided both by 
the experience of the aeronautical engineer and established theo- 
retical considerations. In most tests of automobile and train 
models, the scale effect is ignored; k is determined for the model 
and applied directly to the full scale. In the tests described 
by the author, a refinement is introduced by considering the skin 
friction separately, but the simple square law is finally recom- 
mended as a sufficiently good approximation. From the stand- 
point of scale effect alone, the models should be as large as possi- 
ble. 

2 Effect of Turbulence of the Air Stream. The nature of the 
effect of turbulence has been outlined elsewhere.'? The drag of 
airship and bomb models is greatly affected by the turbulence of 
the wind tunnel as illustrated in Table 4 of this discussion. It is 
to be expected that similar effects may be observed for models of 
streamlined vehicles. It would appear desirable to make meas- 
urements in a wind tunnel of small turbulence, both without and 
with screens for producing additional turbulence. A comparison 
of the results without and with additional turbulence aids greatly 
in extrapolating model results to full scale. A consideration of 
the effects of turbulence leads also to as large a model as possible. 
An investigaticn of the effects of turbulence would have given 


10 ‘Air Resistance of High-Speed Trains and Interurban Cars,” by 
O. G. Tietjens and K. C. Ripley, Trans. A.S.M.E., vol. 54, 1932, 
paper APM-54-23, pp. 235-251. 

11 Chief, Mechanics and Sound Division, National Bureau of 
Standards, Washington, D.C. Mem. A.S.M.E. 

12 Associate Physicist, National Bureau of Standards, Washington, 
D.C. Mem. A.S.M.E. 

18 “Turbulence, Companion of Reynolds’ Number,” by H. 
Dryden, Journal of the Aeronautical Sciences, vol. 1, April, 1934, P- 
67. 
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increased confidence in the accuracy of the extrapolated values 

given by the author. 

TABLE 4 VOLUME DRAG COEFFICIENTS FOR NPL LONG 
AIRSHIP MODEL AT A MEAN AIR SPEED OF 100 FPS¢ 


Turbulence,? per cent Volume drag coefficient 


0.024 
0.022 
0.024 
0.028 
0.030 


ee Table taken from Technical Report No. 342, National Advisory Com- 
mittee for Aeronautics. 

+ The turbulence at a given point in a wind stream is defined as the ratio 
of the square root of the mean square of the deviations of the speed from its 
mean value to the mean value. At any point in the wind stream, the speed 
fluctuates with time about a mean value. The turbulence is the mean 
fluctuation taken in a definite manner and expressed as a percentage of the 
mean speed. 

8 Ground Effect. This subject has been discussed at some 
length elsewhere.'4 The writers believe that it is most practical 
to use a fixed ground plane as thin as possible and with well- 
rounded leading edge. We consider that attempts to remove 
or to accelerate the boundary layer of the plate lead to undesira- 
ble pressure and speed variations in the flow near the plate. The 
use of a moving belt, which the complete representation demands, 
involves a thick ground plane to accommodate the pulleys and 
bearings so that the speed distribution near the plane is probably 
poor. The use of large models leads to a long ground plane 
which may give a poor speed distribution near the end of the 
model. Surveys of speed and static pressure near the ground 
plane with and without motion of the belt would have been of 
great interest. 

4 Speed and Pressure Gradients. The cross-sectional area 
of the model projected on a plane normal to the wind must be kept 
small, preferably less than 5 per cent of the cross-sectional area 
of the air stream, to minimize effects from the walls of the wind 
tunnel. This usually does not offer any difficulty in the case of 
automobile and train models. However, it is difficult to secure 
a uniform speed and pressure along the axis of the wind tunnel. 
Corrections for departures from uniformity are rather uncertain. 
The pressure-drop correction was, of course, applied to the model 
measurements described in the paper. 

When the ground plane is central and contains the axis of the 
tunnel, the development of the boundary layers along the 
ground plane and the wall because of friction slows the air near 
the walls and, since the same quantity of air passes every cross 
section, the air in the free stream increases in speed and falls in 
pressure. It is possible to reduce the changes that would other- 
wise occur by a slight tilting of the ground plane so that the 
cross-sectional area of the stream on the working side increases 
slightly. 

The writers wish to emphasize the necessity in any tests of 
train models of surveying the speed and pressure over the region 
to be occupied by the model and of taking steps to make the speed 
and pressure as uniform as possible. 

5 Effects of Side Winds on the Full-Scale Train. It was 
pointed out elsewhere!®-'* that side winds may cause substantial 
changes in the magnitudes of the forces acting on a moving ve- 
hicle. Let us suppose a horizontal wind of speed V,, blows 
against an object, such as a train, moving with a speed V,, the 
wind being at an angle 8 to the direction of motion. The result- 


“Comparison of the Ground-Plane and Image Methods for Rep- 
resenting Ground Effect in Tests on Vehicle Models,”’ by R. H. 
Heald, National Bureau of Standards, Journal of Research, vol. 13, 
December, 1934, Research Paper No. 748, p. 863. 

_ 18 “Side Winds Abate Performance Gains Hoped for From Stream- 
ee" by R. H. Heald, S.A.F. Journal, vol. 33, November, 1933, 
p. 18, 

; ‘6 Air Forces and Yawing Moments for Three Automobile Bod- 
les,” by R. H. Heald, National Bureau of Standards, Journal of Re- 
search, vol. 183, December, 1934, Research Paper No. 749, p. 871. 
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ant wind, having the angle a to the direction of motion and the 
velocity V,, is obtained by completing the velocity parallelogram. 
The velocity and direction of the resultant wind determine the 
magnitude of the forces acting along, and at right angles to, the 
longitudinal axis, which are called the longitudinal force x and 
lateral force y. The magnitude and direction of the resultant 
wind can be computed by means of the formulas 


V, = ((V,? + V,,? + 2V,V,, cos 8) 
sina = V,,sin8/V, 


In testing train models in the wind tunnel, the air stream 
represents the resultant wind. It is convenient to determine the 
forces along and across the wind, that is, the model being inclined 
at various angles, in the horizontal plane, to the air stream. 
These forces are then resolved on the longitudinal and lateral 
axes. This method was adopted in previous tests at the National 
Bureau of Standards. 

The writers have endeavored to point out some of the problems 
which beset the investigator in aerodynamics when he attempts 
to measure the air forces on streamlined models in a wind tunnel 
and to use the results for estimating full-scale performance. 


A. KLEMIN” E. B. ScHarrer.!® The author’s method of 
presenting his subject appears to be a very excellent choice, in- 
asmuch as the paper is not confined merely to the actual research 
with which the author was intimately connected, but includes 
summary notes and references to apparently all the known pub- 
lished results of experimentation that has been carried out along 
this line. The bibliography given with the paper is invaluable in 
itself in that it lists so many important, available refererces for 
the designer’s use. 

The short section on the fundamentals of railroad aerodynamics 
presents the outlines of the subject in a clear concise manner that 
can easily be read and digested without leading to boring and 
laborious details. The portions of the paper dealing with the 
wind-tunnel tests carried out by the three companies mentioned, 
and under the author’s personal observation, contain sufficient 
information to explain the project in the necessary details. 

The problem of simplifying the formulas to the extent of re- 
moving the odd exponentials, and reducing all terms to the V? 
type has been well thought out, and really reduces complicated 
forms to a more usable basis. The reduction of the two-member 
formula [4] of the paper to the one-member formula [5] of the 
paper, might be criticized by the aerodynamicist on the grounds 
that the method of reduction, namely, the fitting of a simple 
curve form to the data calculated by the accurate two-member 
formula, is a compromise measure to reduce calculation difficul- 
ties toa minimum. However, while formula [4] of the paper has 
the distinct advantage of producing constant coefficients K, and 
K,, it has been shown that the skin-friction—resistance formula 
may be written in a V? form with the use of a variable coefficient 
defined as C, in formula [4a] of the paper, and where the coeffi- 
cient C; is defined by formula [5] of the paper, which two relation- 
ships lead to the 1.85 exponential. Therefore, it would be per- 
fectly correct and permissible to make use of the one-member 
formula R, = KV? providing, of course, that the variable coeffi- 
cient C, has been calculated for each condition of Reynolds’ 
number by means of formula [5] of the paper. It has further 
been pointed out by the author that at the large values of the 
Reynolds number pertaining to normal trains, the actual varia- 


17 Professor of Aeronautical Engineering, Daniel Guggenheim 
School of Aeronautics, New York University, New York, N. Y. 
Mem. A.S.M.E. 

18 Daniel Guggenheim School of Aeronautics, New York Uni- 
versity, New York, N. Y. 
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tion of the coefficient C;, is within small limits, and that an aver- 
age value of C; for full-scale trains will give practical results. The 
admissibility of this procedure, and the substantiation shown by 
the computed tables of differences therefore seem to prove that 
the simplified forms will do perfectly well for the air-resistance 
estimates. 

The five formulas recommended for air resistance of stream- 
lined power cars and locomotive-driven trains, and trains of 
standard cars driven by standard locomotives all appear in keep- 
ing with the experimental data and should be extremely useful 
within the reservations set down by the author. 

The section on full-size tests is particularly enlightening as the 
author shows how the test data on full-scale equipment gives a 
reasonable check on the air resistance as computed by his recom- 
mended forms. The power saved by streamlining can be ex- 
pressed, as shown by the author, as P, = 0.000633V%; this com- 
pares with P, = 0.00067V* for the P.L.M. Railway tests, an 
agreement within 5.5 per cent, which is really within the experi- 
mental accuracy of both tests. 

The paper leaves one with the regret that full-scale-test data 
are not available on prototypes of the models tested by the author 
and the three companies mentioned. It is to be hoped that such 
data may some day be made available so that the author’s for- 
mulascan be checked for accuracy when applied to full-scale equip- 
ment. 


A. Grest-GIEsLINGEN.'* The author has presented an excel- 
lent treatise on air resistance, and appreciation is felt, at the same 
time, for the attitude of the sponsoring companies which revealed 
the test results. Others have not done so, but they are likely to 
learn that in a field like this one, secrecy is of no advantage. 

As to the meaning of the Reynolds number, attention may be 
called to the explanation given by Bakhmeteff.*° 

The difficult problem of comparing in actual service the effect 
of streamlining and of other items affecting air resistance has been 
attacked in an interesting manner by the French Eastern Rail- 
road which is characteristic of the zeal with which the French have 
gone into scientific railroad work. For instance, in order to 
determine the resistance of a smoke-lifting screen, the following 
method is employed: 

On a certain day, two locomotives A and B of the same class 
are run over a section of the road, following each other by a few 
minutes. Each pulls a dynamometer car and a brake locomotive, 
and both maintain a certain cutoff and speed. Tractive-effort 
curves are obtained which might be identical for both locomotives, 
but usually there will be a difference, because two locomotives are 
likely to have somewhat different performances even if they are 
of the same class. Let us assume that locomotive A develops 
less drawbar effort, by the amount At. Soon afterward, perhaps 
on the next day, the same test is run, but locomotive A is now 
equipped with the smoke-lifting device, the resistance of which 
should be determined. The dynamometer record will now show 
another difference between the drawbar pull of locomotives A and 
B, and by subtracting from this difference the previously found 
value of At, the resistance of the device is obtained for the atmos- 
pheric conditions of this particular day. 

This method has been found very reliable. It requires good 
teamwork between the two test crews, which could no doubt be 
obtained under the sponsorship of a body like the Association of 
American Railroads; incidentally, such tests would further the 
sense of cooperation if the dynamometer cars of two railroads 
were working together. ‘ 

In order to derive full benefit from the broad research work of 


19 Consulting Engineer, Brooklyn, N. Y. 
20**The Reynolds Number,”’ by B. A. Bakhmeteff, Mechanical 
Engineering, vol. 58, October, 1936, p. 625. 
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the author and his associates, the interest of the practical man 
calls for a time-saving summary of available results in the field of 
air and running resistance. Apart from scattered attempts found 
in the literature of various countries, a contribution toward this 
goal was made by Totten.*!_ But the writer believes that the 
available data deserve a thorough presentation from the stand- 
point of the user. By the use of graphs it can be made very 
compact and handy; at the same time, the limits of accuracy can 
be revealed. The work done in the automotive field may profit- 
ably be included for comparison. 

In thanking the author for his contribution, one cannot suj- 
press the wish that he may later favor us with such a summary. 

Economical design most definitely calls for the application of 
the knowledge now available in this field. 


ANDRE CHAPELON.”? This paper, as far as the writer has been 
able to ascertain, is one of the most complete studies on the air 
resistance of railroad equipment which has been made to date. 
The practical formulas, derived from basic theoretical aerody- 
namic data obtained with models for application to prototype 
railway equipment are interesting because (1) they are based on 
purely theoretical data, and (2) they appear to approximate data 
acquired through experience. In this connection the writer be- 
lieves that it may be of interest to report the results of tests made 
with one-twentieth-scale models in the wind tunnel of the Insti- 
tut Aerotechnique de Saint-Cyr. These tests, conducted several 
years ago by Maurain, Toussaint, and Pris, were reported by 
Maurain in the November 3 and 15, 1923, issues of Recherches et 
Inventions. The prototypes of the models tested were a State 
Railway Pacifie-type locomotive of series 231.501 to 231.783, 
its tender, one coach with trucks, and one two-axle baggage car. 
From these tests the coefficients of relative resistance of the loco- 
motive alone and of the locomotive with a train were determined, 
also, the effect of streamlined shapes and spacings between adja- 
cent cars were studied. The writer compared the results of these 
tests with those presented by the author and found that they 
agreed very well. For example, the writer found from the results 
of the tests conducted at the Institut Aerotechnique de Saint-Cyr 
that for the locomotive at the head of the train the air resistance 
can be expressed as R, = 0.001842A V2, where R, is the resist- 
ance, lb; A is the cross-sectional area of the model, sq ft; and V 
is the velocity, mph. By applying this formula, it would seem 
that by sheathing a locomotive, with the exception of the running 
gear, one might expect to reduce the air resistance by one half 
that attained without streamlining; that is, savings which can 
be expected are of 60 hp at 90 km per hr, 140 hp at 120 km per hr 
and 280 hp at 150 km per hr. 

The writer and his associates arrived at similar results during 
tests of the streamlined Pacific-type locomotive designed for the 
Paris-Orléans-Midi Railway in France, which locomotive the 
author mentioned in his paper. In this connection it is important 
to recall that the tests of the Paris-Orléans-Midi locomotive were 
made with the locomotive proper and not with a model. The 
tests of this full-sized locomotive were undertaken in preference 
to tests of models although, within certain limits of the Reynolds 
number, one can generally expect accurate results by extrapolat- 
ing the resistances measured on small-scale models. 

Even though the accuracy of extrapolating results on models 
can be applied effectively to the prototypes, consideration must 
be given to the fact that it is practically impossible to build a 
model alike in every detail to the prototype, especially when it is 
not streamlined. Hence, when extrapolating results of model 


21 “Resistance of Lightweight Passenger Trains,” by A. I. Totten, 
Trans. A.S.M.E., vol. 59, May, 1937, paper RR-59-3, p. 329. 

22 Engineer of Research Equipment, Paris-Orléans-Midi Railway, 
Paris, France. 
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tests for determining the air resistance of the prototype, errors 
are apt to be made, the extent of which is very difficult to deter- 
mine. 

Although much interest has been shown in the tests of small- 
scale models, because of the convenience with which such tests 
can be conducted, the writer contends that the results of such 
tests cannot be extrapolated with accuracy for application to 
prototypes of the models, and that it will be necessary to test 
full-sized locomotives before the authenticity of results obtained 
with the models can be established. In this connection the 
writer believes that it would be advisable to make wind-tunnel 
tests of a small-scale model and then to test the prototype of the 
model, thus establishing the accuracy of wind-tunnel tests of the 
models. 

From the various illustrations of streamlined locomotives pre- 
sented by the author, one cannot but question the advisability of 
the changes made in the appearance of the locomotives under the 
pretext of decreasing air resistance, while the tenders, such as 
those of the Vanderbilt type for example, were not streamlined 
so that they appear at a disadvantage when the air resistance at 
high speeds is concerned. Apparently the sheathing of some 
locomotives has become a fashion and not a technical way of de- 
creasing air resistance; obviously, when the numerous stream- 
lined-locomotive designs are examined, the gains obtained in 
reducing such resistance must vary greatly for the various de- 
signs. 

The writer contends that it is unnecessary to sheath com- 
pletely the entire locomotive and that sheathing for the running 
gear should be applied with reserve, thus leaving the vital parts 
of the locomotive available for inspection and maintenance, and 
without taking away from the locomotive its own aesthetic ap- 
pearance. 


L. W. Watiace.”* This paper assembles in one place a brief 
history of the efforts made to reduce air resistance to the move- 
ment of railroad equipment. It presents a simple formula for 
determining the approximate air resistance. It contains a 
thoughtful analysis and evaluation of the scientific work done in 
this field. The narrative again discloses that the railroad indus- 
try, especially in the United States, had made thorough investi- 
gations of the problem of air resistance many years before the 
advent of the automobile and airplane. 

Again it is brought to the attention of the membership of the 
A.S.M.E. that one of its honored members and past-presidents, 
the late W. F. M. Goss, as early as 1896 built a wind tunnel and 
conducted extensive investigations therein with scale models of 
railroad locomotives and cars—the results of which have been 
remarkably sustained by more recent and improved scientific 
methods and instruments. 

The author failed to mention that the Baltimore and Ohio 
Railroad built and tested a streamlined train in 1900. Test runs 
disclosed, that at that time, streamlining was not economically 
justified. 

These historical facts may be surprising to some streamline 
faddists, who appear to think it is a creation of today, whereas its 
real beginning in the railroad industry was more than four dec- 
ades ago. It was not applied then because it was not economi- 
cally justified. There still remains, as pointed out by the author, 
referring to tests made by Parmantier, a difference of opinion as 
to the total savings in horsepower that can be realized as a result 
of streamlining. 

When one considers the initial cost of streamlining and that at 
Speeds below 50 mph the benefits obtained from its use are of 
little practical interest, one wonders if there is not some measure 


* Director of Equipment Research, Association of American Rail- 
roads, Chicago, Ill. Mem. A.S.M.E. 


of ballyhoo associated with streamlining from an economic point 
of view. 

In determining the economic value of streamlining for any 
moving road or rail vehicle, careful thought should be given to 
the element of stops—their frequency and duration—and to the 
time involved in acceleration and deceleration. The total off- 
setting results of these and other factors may be sufficient to 
render negative such gains as may be realized from streamlining 
during the time the vehicle is moving at speeds sufficiently high 
to capitalize upon the advantages of streamlining. It is incon- 
ceivable that any advantage accrues from streamlining a bath 
tub or a set of scales. Things have to move fast without frequent 
stops and for long-sustained distances before there is any real 
economic gain in streamlining. 

Streamlining, as popularly construed, has merit from an aes- 
thetic and sales point of view. For these reasons the cost may be 
justified. 

The foregoing discussion is not intended to underrate the value 
of streamlining in its proper place. It has a place, and those ex- 
perimenters, universities, and manufacturers are rendering a real 
service by their explorations. 


R. S. Hartenperc.** This paper is a useful contribution to 
the literature on vehicular resistance. However, in the interest 
of historical accuracy some comments should be made. Thus, 
the paper suggests that the V? proportionality for air resistance 
was discovered perhaps in the sixties of the last century; as a 
matter of fact, the first experimental verification seems ascriba- 
ble to Huygens* in 1690. The tests of Eiffel® were instituted 
in 1903. 

A number of wind tunnels antedated that of Goss’s at Purdue 
in 1896. The first was built in 1871 at the suggestion of F. H. 
Wenham,” founder member of the Aeronautical Society of Great 
Britain; it had an 18-in-square cross section, and a wind speed of 
about 40 mph. The next tunnel was built by another English- 
man, H. Phillips** in 1884. Phillips is remembered for being the 
first to study curved sections, for noting the low-pressure region 
on the top surface of an airfoil, and for introducing the now almost 
universally used downward curved leading edge. L. Mach?® of 
Vienna was the first to photograph the flow of air in a tunnel 
built in 1893. J. Irminger and H. C. Vogt®® made the first 
measurements on the pressure distribution over an airfoil in their 
tunnel in Copenhagen in 1894. 

It is of particular interest to note that the principle of dynamic 
relativity accepted as axiomatic by Goss was advanced by 
Leonardo da Vinci*! about 1506. 


AUTHOR’s CLOSURE 


Mr. Vincent states that he found it impossible to check Equa- 
tions [7] and [8] of the paper, and gives the form which these 
equations should have. The form is quite right. Comparing 
this form, which is Equation [1] of the discussion, with Equa- 
tions [7] and [8] of the paper, it is easy to see that due to an over- 
sight the Greek symbol 6 has been omitted. However, this omis- 


24 Instructor in Mechanics, University of Wisconsin, Madison, 
Wis. Jun. A.S.M.E. 

25 ** Aerodynamic Theory,” edited by W. F. Durand, Julius Springer 
Berlin, Germany, 1934, vol. 1, p. 309. 

2¢ “Recherches Expérimentales sur la Résistance de l’Air,”’ by 
G. Eiffel, L. Maratheux, Paris, France, 1907, p. 1. 

27 ‘Pioneer Wind Tunnels,” by N. H. Randers-Pehrson, Smithson- 
ian Miscellaneous Collections, Smithsonian Institute, Washington, 
D. C., 1935, vol. 93, no. 4, p. 1. 

[bid., p. 3. 

29 Ibid, p. 4. 

Tbid, p. 5. 

31‘*Aerodynamic Theory,’ edited by W. F. 
Springer, Berlin, Germany, 1934, vol. 1, p. 308. 
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sion is of no consequence, as on further manipulation this symbol 
is canceled, and only the ratio of Equations [7] and [8] is used 
for equations which follow. Nevertheless, the author appreciates 
calling his attention to this. 

Mr. Vincent also states that ‘‘no criticism can be made of the 
manner in which the basic tests were conducted or of the results 
secured,’’ and that the simplifications by the author for the pur- 
pose of eliminating fractional exponents make the formulas more 
convenient for practical use. 

However, Mr. Vincent, in the remainder of his long discus- 
sion, advances arguments against streamlining of the steam 
locomotive, in other words, he discourses on a different subject 
which is not the one of the paper. The object of the paper was 
to evaluate the air resistance of nonstreamlined and streamlined 
railway equipment, which means locomotives and trains, in- 
cluding power cars. Whether or not it is advantageous to stream- 
line steam locomotives also, from the point of view of weight, 
does not come within the scope of the paper. The fact remains 
that ali locomotive builders and railroads are now streamlining 
locomotives for high speeds, therefore, formulas to evaluate the 
resistance of these locomotives and trains are needed. In fact, 
Mr. Vincent himself, in order to prove his point, has to use 
formulas for streamlined equipment in Table 1 of this discussion. 
The object of the paper was to give these formulas when stream- 
lined equipment is used, and it is gratifying to see that Mr. 
Vincent recognized that the formulas given in the paper are re- 
liable and convenient for practical use. 

Dr. Dryden’s and Mr. Heald’s contribution regarding factors 
in wind-tunnel experiments is highly appreciated. 

Remarks (1) pertaining to Reynolds’ number of scale effect, 
(3) on ground effect and, (4) speed and pressure gradients, have 
been considered by Dr. Klemin before the tests were started. 
The author made references to them in the paper. 

Tests in accordance with remark (2), effect of turbulence of 
the air stream with screens for producing additional turbulence 
could have been made, but it is doubtful whether anything of 
practical value would be obtained by going to this complication. 
From the discussion of Reynolds’ numbers for models in the wind 
tunnel and for full-size vehicles, which was made in the paper, it 
is evident that the influence on the coefficient of skin friction is 
so slight that no great practical advantage, commensurate with 
the cost of this kind of test, would result. It is doubtful whether 
such an investigation would have increased ‘‘confidence in the 
accuracy of the extrapolated values of the paper,”’ as in the final 
analysis only full-scale tests could give this assurance, and com- 
parison with results from full-size tests was made in the paper 
as much as was possible. 
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However, Dr. Dryden’s and Mr. Heald’s consideration (2) is 
worth bearing in mind when similar wind-tunnel tests are made. 

Regarding the fifth remark, effects of side winds on the full- 
scale train, it was mentioned in the paper that yaw tests and meas- 
urements of side-winds’ action were made, but the results were 
not discussed for the reason that DeBell had already presented 
an article covering this part of the tests.*2 Furthermore, the 
author is somewhat dubious about the practical value of these 
formulas, as the direction and magnitude of winds is very seldom 
accurately known and cannot be foreseen, even in a region with 
what is called prevailing winds. 

It was very gratifying to see that Dr. Klemin and Professor 
Schaefer, to whom we all are indebted for the development of 
the basic two-member formulas, are in agreement with the prac- 
tical advantages of the one-member formula, and with the way 
in which these formulas were derived and analyzed in the paper. 
The author fully shares with both discussers their regret that 
full-scale tests have not yet been made in this country, similar to 
those made abroad, and also hopes that in the not too distant 
future an attempt for practical corroboration of the author's 
formulas will be made. 

Dr. Giesl-Gieslingen’s reference to Bakhmeteff’s treatise? on 
the Reynolds number is highly appreciated. While the meaning 
and the theory of the Reynolds number for water and air are, of 
course, the same, it is doubtful whether the values of the various 
physical constants given by Bakhmeteff for water would have 
any bearing on the discussion of the Reynolds number for air, 
and those values are the things that matter. 

Dr. Gieslingen’s description of the method of testing air re- 
sistance on the French Eastern Railway with full-size locomotives 
is a very interesting supplement to the author’s description of the 
method employed by another French railway, the P.L.M. It 
should be further mentioned that Chapelon of the Paris-Orléans- 
Midi Railway used a still different method, by which the locomo- 
tive was pushed by a regular steam locomotive, with a dynamome- 
ter car in between. This permitted getting direct readings of 
the air resistance of the front streamlined locomotive. The latter 
two French methods were described in the paper and the test re- 
sults were given. 

Lately it was brought to the author’s attention that the Paris- 
Orléans-Midi method of pushing a streamlined locomotive was 
applied with some success in Japan in 1935. The results have 
never been published. 

Monsieur Chapelon’s discussion, which included the data of tests 
made in the Aerodynamics Institute of Saint-Cyr and full-scale ac- 


32 **Natural Winds in Air Drag,’’ by George W. DeBell, Railway 
Mechanical Engineer, vol. 110, April, 1936, p. 145. 
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tual test data are very pertinent, and as such, highly appreciated. 
The author is pleased to see that Chapelon found a good agree- 
ment between his and the author’s formulas, and also between 
them and results from full-size tests. It is further gratifying to 
see that although Chapelon pays much attention to the proper 
streamlining of a locomotive in order to diminish air resistance, 
he is in favor of the partial shrouding of the locomotive, “leaving 
the vital parts of the locomotive available for inspection and 
maintenance, and without taking away from the locomotive its 
own aesthetic appearance.” This is the practice followed in 
many instances in this country, in the so-called ‘“‘semistream- 
lined” locomotives. The Paris-Orléans-Midi locomotive stream- 
lined by Chapelon, shown in Fig. 6, has recently been described 
in his voluminous treatise on the stream locomotive.** For this 
locomotive Chapelon recommends the formula (in English units) 


R, = 0.00109AV?2 


It can be seen that his coefficient is very close to a in Table 1 of 
the paper (drag model results of tests Nos. 25 and 26), which 
refers to a round-top boiler with open and short shrouds. It can 
easily be seen from Fig. 6 that Chapelon’s streamlined locomo- 
tive was of a type between the two. 

Dr. Wallace’s remarks are very much to the point. The ref- 
erence to the Baltimore & Ohio streamlined train, tested in 1900, 
is very valuable. The author referred in the paper to F. U. 
Adams’ patent and book on streamlining of locomotives in the 
nineties of the last century, but did not realize that an actual loco- 
motive had been built and tested. He is very grateful to Dr. 
Wallace for this information. His remarks regarding frequent 
stops and the three concluding sentences of his discussion are 
very true. 

Mr. Hartenberg’s corrections made in the interest of historical 
accuracy, especially as to wind tunnels which antedated Profes- 
sor Goss’s at Purdue, namely, those built in England in 1871 and 
1884, by Mach in Vienna (Austria), Irminger and Vogt in Copen- 
hagen (Denmark) in the eighties and nineties of the last century, 
are highly appreciated. Likewise, the references to Leonardo da 
Vinci and Huygens are very interesting. 

Due credit has been given in the paper to Eiffel’s work in so 
far as it affected the study of resistance of railway equipment. 
A reference to his classical work is given in the bibliography at 
the end of the.paper. 


Industrial Instruments, Their Theory 
and Application’ 


J. B. McManon.? A logical approach to the classification of 
industrial instruments has been made by the authors. With 
respect to specific criticisms of parts of the paper the writer 
Suggests that under “Scope and Definitions,” humidity has be- 
come such an important factor in process work that it can 
scarcely be neglected as being one of the most important vari- 
ables to be controlled. The terms of the authors’ definition 
No. 4, which is defined as a ratio, seem to the writer to need 
clarification. There will probably be disagreements as to this 
definition of sensitivity, as most authors have not defined 
sensitivity in the form of a ratio, but rather as the smallest 
value of the variable being measured which will cause a per- 
ceptible or effective response of the indicating portion of the 


* La Locomotive a Vapeur,”’ by A. Chapelon, J. B. Baillére 
& Fils, Paris, 1938. 

' Published as paper PRO-59-9, by Ed S. Smith, Jr., and C. O. 
Fairchild, in the October, 1937, issue of the A.S.M.E. Transactions, 
vol. 59, pp. 595-607. 
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instrument. The authors use ‘dead zone” in place of this, but 
it seems to the writer that their definition of “sensitivity” needs 
further clarification. 

The writer would also like to approve the definition of “dead 
zone,” rather than “band of sensitivity,” or some of the other 
terms that have been used in place of “dead zone.” ‘“Sensi- 
tivity,” the writer believes, should very definitely be consigned 
to the use which the authors have made of it and the word 
should not be included in any other definition, as has been the 
common practice in the past. 

The authors make the statement that flowmeters are ordi- 
narily uniformly graduated to facilitate integration, but, generally 
speaking, the writer does not believe this is true of the flowmeters 
used most widely throughout the process industries. These are 
generally of the increasing-scale type, due to the greater sim- 
plicity of construction which this permits. 

Under the head “Classification of Instruments ” the principle 
of operation for division F, is defined as “length either of dis- 
tance or time.” It seems to the writer that this may be a 
very confusing concept and could well be broken down into two 
separate definitions; namely, duration and motion, both of 
which imply length. In higher astrophysics, mathematicians 
have been able to reconcile space, time, and motion as apparently 
being one and the same quantity; but, in practieal applications 
of engineering, attempting to use distance and time as meaning 
much the same quantity is apt to be quite confusing. 

The writer believes that it is unfortunate that the authors have 
seen fit to include in this paper a quantitative study of the 
comparative performance of different types of thermometer 
filling systems. The rates of response of different types of 
filling are subject to so many variables in actual practice that it 
will be a long time before it will even be possible to set up a stand- 
ard procedure by which such comparisons may be justly made. 

Specifically, in the writer’s experience, the vapor-pressure 
instrument has been proved to be considerably more responsive 
in its industrial forms than either the mercury or the gas-filled 
instruments. This is particularly true with respect to its re- 
sponse to a departure from balance, which is the most important 
attribute with respect to use for automatic control. In this 
connection, it also seems to the writer that a definition of re- 
sponsiveness which can be generally agreed upon is badly needed; 
for instance, the writer does not agree that the one proposed by 
the authors is a good criterion in that it is defined as the interval 
required, following a change, for the variable to come within 
10 per cent of the change from its final value. In the first place, 
this does not give the writer a very clear concept of exactly what 
is meant nor does the writer believe that it fully represents valu- 
able attributes of an instrument. It is not stringent enough to 
do so if the writer’s interpretation of the author’s meaning is 
correct. 


H. A. Rotnicx.* This paper is intended to be a contribution 
placing emphasis on the invasion of the industrial-instrument 
field by devices operated from a separate source of power. Funda- 
mentally, there is no great difference between a self-operated 
instrument with automatic control and a so-called servo-operated 
instrument. Fig. 12 of the paper shows a self-operated tempera- 
ture recorder and air-operated controller which can be turned into 
a servo-operated instrument by applying the air pressure to 
a bellows moving the index and nozzle toward the flapper; in 
this case, the index will follow the motion of the recording pen. 
In the case of a servo-operated instrument, care must be taken 
to secure a stable instrument whose indication does not oscil- 
late. In a similar manner, by fundamentally similar means, 


3 Research Department, The Brown Instrument Company, Phila- 
delphia, Pa. 
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we attempt to eliminate oscillation from a control process. 

The classification of instruments shown in Table 1 of the paper 
merits considerable discussion. The value of classification is 
that it enables us te focus our attention at any time on a single 
phase of the phenomenon classified. It is necessary for progress 
for us to speak a common language. We may have a thousand 
different instruments, but if we can call instrument No. 789 a 
liquid-filled thermometer with an auxiliary on-off air-actuated 
controller then we have gained something—we more effectively 
and efficiently communicate our ideas to one another. In view 
of these brief considerations, let us view the proposed classifica- 
tion of instruments. 

From the standpoint of operation, the division into self- 
operated and servo-operated instruments is not sufficiently 
fundamental. As pointed out by the writer, a servo-operated 
instrument has many characteristics of a controller or regulator. 
Since most self-operated instruments are continuous and most 
servo-operated instruments are cyclical in the sense that power 
is delivered to the mechanism intermittently, the author’s B 
classification corresponds too closely to the A group to warrant 
an independent status. The C group of functions has its uses, 
but in the present state of the instrumentation field, a descriptive 
classification, i.e., classifying the instrument by its construction 
and parts, is easier and more useful. The Z group is somewhat 
aside from the field of instruments per se. Regulators should be 
considered separately as it introduces too many elements in a 
situation we are trying to simplify. The F group seems to be a 
fair start. If, instead of the four items listed, we were to list 
the means of actuation of the instrument, whether it is electrical 
or due to expansion of a liquid or pressure of a gas, or any other 
means, we would have a better and more fundamental scheme 
because more characteristics of instruments in any one group 
would be similar. 

Many of the general comments appearing in the paper are the 
result of a long experience in the instrument field and are valu- 
able; however, they are of a type fairly well known among in- 
strument men. What is more urgently required is a study of 
instrument characteristics following the outlines of a generally 
acceptable classification. Should this paper lead to action along 
these lines, it will be a real contribution to the science of in- 
strumentation. 


Mayo D. Hersey.‘ The outline of modern trends in in- 
dustrial instruments presented by the authors should be useful 
not only to the Process Industries Division of the A.S.M.E. but 
to all investigators and users of instruments. The following 
references®*.7-8.9.10 jisted by the writer may be of interest in 
connection with fundamental problems that are common to 


4 Engineer, Kingsbury Machine Works, Inc., Philadelphia, Pa. 
Mem. A.S.M.E. 

® “Theory of Servo-Mechanisms,” by H. L. Hazen, Journal of The 
Franklin Institute, vol. 218, September, 1934, pp. 279-331; this refer- 
ence includes a bibliography. Also, ‘‘Design and Test of a High Per- 
formance Servo-Mechanism,’’ by H. L. Hazen, Journal of The 
Franklin Institute, vol. 218, November, 1934, pp. 543-580. 

6 ‘Accuracy of Manometry of Explosions,”’ by H. F. Coward and 
M. D. Hersey, U. S. Bureau of Mines, Washington, D. C., Report 
of Investigation No. 3274, May, 1935. 

7 “The Altitude Effect on Air-Speed Indicators,’’ by M. D. Hersey, 
F. L. Hunt, and N. H. Eaton, National Advisory Committee for 
Aeronautics, Washington, D.C., Report No. 110, 1920, pp. 693-717. 
Also, ‘‘On the Theory of Air-Speed Indicators,’ by M. D. Hersey, 
Premier Congrés International de la Navigation Aérienne, Paris, 
Rapports, vol. 2, 1921, pp. 79-86. 

8 “Effect of Small Changes in Temperature on the Properties of 
Bodies,” by M. D. Hersey, U. S. Bureau of Standards, Journal of 
Research, vol. 4, 1930, Research Report No. 137, pp. 137-156. 

* “Diaphragms for Aeronautic Instruments,”’ by M. D. Hersey, 
National Advisory Committee for Aeronautics, Washington, D. C., 
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many different types of mechanical instruments. The first® 
deal with servo-mechanisms. The investigation by H. L. 
Hazen of M.I.T. was awarded the Levy medal by The Franklin 
Institute. The second® includes an extensive bibliography on 
dynamic or inertia effects. The third, fourth, and fifth refer- 
ences’:** discuss, respectively, the viscosity effect, temperature 
effect, and irreversible effects, the latter including drift and hys- 
teresis. The sixth,’ while prepared with aeronautic instru- 
ments immediately in view, is applicable in its essentials to many 
industrial instruments of the classical self-operated type. 


M. F. Benar."' This paper is a noteworthy accretion to the 
already large and still-growing literature on instrumentation. 
It not only possesses intrinsic merit as a compilation of technical 
data, but it possesses extrinsic significance as an inspiring ex- 
ample to the engineering profession. 

Since 1927, the technical staffs of all the leading instrument 
companies have been contributing authoritative data on the 
theory and application of industrial instruments to a central 
project under a management independent of the instrument 
industry. In these ten years, nearly one hundred instrument- 
company technicians, together with instrument users from all 
industries and experts from national engineering societies and 
the National Bureau of Standards, have been contributing to a 
series of handbooks on industrial-instrument theory and appli- 
cation. 

But the contributions of the “instrument industry” have 
chiefly been those of individuals, among whom the two authors 
have been prominent. 

In these times when research oft goes begging, it is fitting to 
start this discussion by citing the example of an industry whose 
proprietors and managers furnish fertile soil for the flowering of 
engineering genius. 

One begins to find genuinely original ideas in the first few para- 
graphs of the paper. Never, to the writer’s knowledge, has any- 
one undertaken to write a manual of instrumentation covering 
the entire industrial processing field by dividing it into three 
parts dealing, respectively, with (1) self-operating measurement 
and control devices, (2) relay-operated measurement and control 
devices, and (3) mixed types. To be sure, the paper is not thus 
divided; its outline follows the one which was evolved in 1927 
1932, but the paper nevertheless propounds this idea with vigor. 
Therein, the writer believes, lies its greatest intrinsic merit. 

Likewise, it is a new idea to plunge at the start into what may 
be called the self-operating versus relay-type controversy; to 
make broad assertions and to go so far as to give numerical 
data on comparative accuracies without restricting the claim to 
certain provinces or fields, or to gertain groups, or classes, or types. 
If the authors have in mind only the “logical applications” 
particularly the temperature applications—where deflection- 
type milliammeter movements or gas-filled-tube systems are 
being discarded for modern self-balancing potentiometers and 
bridges, then objections must be withheld; but, the paper's title 
connotes the entire realm of industrial instrumentation and the 
sentence containing the improved accuracy statement is im- 
mediately preceded by one citing “continuous production in the 
process industries’”— a large province. There have been sen- 
sational developments in the design and production of servo- 


Report No. 165, 1923, pp. 157-186. Also, ‘‘On the Theory of Ir 
reversible Time Effects,”’ by M. D. Hersey, Journal of the Washing- 
ton Academy of Sciences, vol. 11, April 4, 1921, pp. 149-155. 

10 ‘General Classification of Instruments and Problems Including 
Bibliography,” by M. D. Hersey, National Advisory Committee for 
Aeronautics, Washington, D. C., Report No. 125, 1921, pp. 477-498. 

1) Editor, Instruments; founder and director of the Instrumentation 
Manual Project, Pittsburgh, Pa. 
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motor types, but the inventors and builders of “plain” devices, 
who were the first (before 1900) to make possible temperature 
control to 0.1 C, or better, have not been idle. 

Surveying this vast industrial realm, or even the smaller prov- 
ince of continuous processes, in trying to arrive at definite useful 
conclusions regarding the self-operating versus auxiliary-power 
question and get away from generalities, one will do well to pro- 
ceed methodically, dividing the realm into fields, and considering 
each in turn. Various familiar methods of functional and mor- 
phological division of the “process” province into smaller and 
more convenient areas suggest themselves: 


1 (a) Indicating, (b) recording, (c) registering, (d) control- 
ling, (e) totalizing, and (f) telemetering. 

2 (a) Temperature, (b) pressure, (c) time, (d) voltage, (e) 
hydrogen-ion concentration, (f) color, (g) speed, (h) humidity, 
(i) flow rate, (j) liquid level, (&) noise level, (J) viscosity, ete. 

3 (a) Various sources of power available, all reliable, 

(f) or (g) no near-by auxiliary power source fit for use. 

4 (a) Portable, (6) built-in, (c) control-board, (d) size of in- 
strument, (e) size of chart, (f) size of application, (g) is ‘‘on-off” 
mode sufficient, ete. 

5 (a) Management will not approve cost exceeding $20 each, 
(b) a $100 price range, (c) $400 for complete installation . . . and 
so on to fields of application where $2000 for one industrial in- 
strument is considered cheap in view of the results. Although 
this method is unscientific, it cannot be overlooked. 


Whatever method of division we adopt, we need not long 
scrutinize any area ‘to reach at least a relative conclusion. This 
conclusion is strengthened when one crisscrosses this area to 
subdivide vertical columns and horizontal rows into smaller and 
smaller fields, to make specific case studies. 


Case studies tend to prove that the authors are perfectly right 
in proposing (1) the primary classification of all process-indus- 
tries instruments into “‘self-operated, servo-operated, and mixed,” 
and (2) the pure mathematical analysis of each of these categories 
without reference to the boundaries still separating in many 
minds the “purposes,” i.e., temperature, humidity, pressure, 
flow rate, etc., or to the other set of boundaries separating the 


indicators, recorders, integrators, telemetering systems, auto- 
matic controllers, etc. That many of these boundaries are 
vanishing is becoming apparent to every engineer who has visited 
various plants and come across control boards glittering with 
modern industrial instruments. Often, for instance, he sees a 
row of strip-chart recorders, but unless he comes close enough to 
read the name plates or the printing on the charts he is at a loss 
to know whether they record pressure or pH or power or plas- 
ticity or position or what not. And he may be unable to tell 
whether a particular recorder is directly connected to its applica- 
tion or is the receiver of a long-distance telemetering system. 
Enthusiastically, then, does the writer hail the authors’ origi- 
nal viewpoint and earnestly does he urge that they crisscross 
given “areas” by columns and rows, and go on not only to cubes 
but to multidimensional “hypercubes.” The five examples of 
various classes which they give in their paper are fairly interest- 
ing, but this sort of thing has been done before, and they did 
not include examples selected and discussed from their own 
original and useful viewpoint. 
Another thing brought out by case studies of this sort is the 
importance of considering the characteristics of the measuring 
system, with reference to what it has to do. This analytical 
approach would naturally start with the simplest functional 
class of instruments, namely, the indicating instruments, but we 
must recognize that in the processing industries the trend is 
toward the use of recorders, controllers, and combination in- 
struments, which inevitably are more complicated. 
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To illustrate: If we consider the “district”? of temperatures of 
steam-heated applications, and specifically those measuring 
systems which employ mercury, we find that indication at the 
point of measurement need not present any kinematic prob- 
lems. In other words, we can use a mercury-in-glass thermome- 
ter; there is no mechanics problem—no problem bearing upon 
the question of self-operation versus the use of auxiliary power. 
Even if the case were complicated by the requirement that the 
thermometer be of the dial-indicating type, the kinematic and 
kinetic problems may well be left to the instrument makers; 
the process engineer can select any commercially available dial 
thermometer that meets other requirements (not related to the 
subject of this paper). 

The situation becomes altogether different when we consider 
recorders, controllers, and combination instruments. In the 
great majority of cases there is a deflecting member, and the 
laws which govern this deflection assume prime importance. 
Likewise, in most cases, there is a relatively complicated mecha- 
nism. Kinematic analysis becomes necessary and, needless to say, 
an important consideration is that of friction. So then, putting 
together two and two, we find that ‘four’ stands for the relation 
between the scale law, the force gradient and other characteris- 
tics of the “pointer” on the one hand, and the total friction on 
the other hand. For many years this important analytical ap- 
proach has been summarized by such expressions as ‘‘the ratio of 
torque to friction.” It constitutes a fertile field for investigators, 
and it seems that the authors would do well to develop their 
treatment along this line. It is recommended, in particular, 
that they develop the theory of process-industries recording in- 
struments, with particular reference to the torque—the available 
actuating force. 

As Perry Borden and others have brought out, the chief de- 
termining factor in the design and performance of recorders is 
the available actuating force. To cite extreme examples, if 
you want to record millimicrowatts, you’ll bave to use auxiliary 
power, but if you have a couple of pound-inches of torque at 
the pen-arm shaft, you can do without a separate source of power. 

The authors would render a still greater service to the proc- 
ess industries if they made a detailed classification of measuring 
elements on the basis of available actuating force, reporting their 
findings and drawing therefrom a set of rules. This would 
greatly benefit instrument manufacturers and instrument users 
alike, because the performance of recorders depends largely upon 
this all-important factor, the available actuating force. 

One solution of the small-actuating-force problem in recording- 
instrument design is to choose a measuring element of a form 
which provides the greatest mechanical force in proportion to the 
energy expended. 

Another solution is to make the pointer of the measuring 
element both long enough to swing over a wide chart scale and 
light in weight, and to use an external source of power to press the 
tip of the pointer at regular intervals. 

Another solution is to use a large-size measuring element hav- 
ing a relatively short pen arm. 

Another solution is to do away with a pen arm and have the 
measuring element command the writing mechanism without 
any drag at all, through a relay and an auxiliary source of power 
permitting the employment of a motor which does the actual 
work of inking or printing the curve on as wide a chart as may 
be desired. 

Other solutions could be mentioned but it has now become 
apparent that the most logical way to deal with such recording 
instruments is by considering the whole of the measuring mech- 
anism—the combination of the measuring element and of the 
writing mechanism. Such recording instruments are logically 
classified with regard to the manner in which the marking device 
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TABLE 1 CLASSIFICATION OF RECORDING INSTRUMENTS 
Class Type Variety 
{ Dotting 
Thread 


Intermittent-marking { Ribbon 


Direct - acting, also Smoked-chart 


known as_ direct-de- Spark 
flection, self-operated, 
etc. in pen 
Direct-writing....... q Photographic 
\ Stylus, etc. 
Electric contact In this class the varieties 
Relay... ... 4 Mechanical do not depend on the 
| Electronic type of relay, most of 
them being possible with 
any of the three types 
¥ 
aL , 
3 
4 
> 
4 
4 
KR 
4 
4 
Time t 
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is related to the measuring element. Table 1 of this discussion 
shows the scheme adopted by Perry Borden and the writer. 

In the authors’ discussion of temperature instruments, the so- 
called ‘interval’ (of 10 per cent) proposed is no more conveni- 
ent than the coefficient of thermometric lag L, shown in Fig. 1 
of this discussion. This coefficient of thermometric lag is not 
arbitrary but is Nature’s own. It is the time interval, for ex- 
ample, between the instant when the true value of a uniformly 
rising or falling temperature crosses an ordinate and the instant 
when the instrumental value crosses that same ordinate, what- 
ever the value of A@/ At (see Fig. 1 of this discussion). It is the 
only interval that has this property and therein is akin to e, to 
x, and to other natural mathematical entities, even though its 
numerical value for any given thermal system depends upon 
various physical factors. Therefore, it would seem to be the 
most convenient coefficient to use in calculations or in graphical 
solutions. !? 

The main point of practical interest is this: Not only the 
“sealed systems’’ (pressure-spring) which the authors discuss to 
the exclusion of others, but thermocouples, resistance-type ele- 
ments, etc., exhibit lag in actual practice. An “interval’’ 
might be chosen at any percentage suitable to one’s purpose. 


12 For example, see ‘‘Fundamentals of Instrumentation,”’ by M. F. 
Behar, Instrument Publishing Company, Pittsburgh, Pa., 1932, chapt. 
3, Figs. 37 to 42, inclusive, pp. 59-62. Although these figures are self- 
explanatory to instrumentation engineers if studied in sequence, they 
are accompanied by six pages of nonmathematical explanation. 
These figures do not prove, conclusively, the uniqueness, and natural- 
ness of the coefficient of thermometric lag L. Such complete proof 
in terms of temperature-control devices would require the extension 
of the ideal-thermostat and actual-thermostat illustrations (Fig. 3% 
and Figs. 41 and 42, respectively) from sudden-departure cases to 
uniformly changing cases, and to various problems of cyclic changes. 
The mathematical reason for the uniqueness of L is given in some 
treatments of relays and other automatic protective electromechani- 
eal devices for electrical networks and, no doubt, in other texts. 
Those interested in thermometric lag are referred to ‘‘Thermometric 
Lag,”’ by D. R. Harper, Bulletin of the Bureau of Standards, vol. 8, 
1912, pp. 659-714. 
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For example, in industrial-instrument work, where 1 per cent 
rather than 10 per cent is most commonly taken, we would sim- 
ply refer to tables and find that 0.01 = e~**; thus, we would 
know that in the case of a sudden departure and of an instrument 
with, say, L=10 sec, we would have to wait exactly 46 sec to be 
sure that the lag error will be only 1 per cent. However, in the 
case of any other rate of rise or fall we would simply need to mul- 
tiply this rate in degrees per second by L to determine the lag 
error in degrees. If we want to use an “interval’’ other than L 
we must add another operation. Another point of practical in- 
terest (this time in regard to automatic control) is this: Even an 
ideally sensitive automatic-control system will always “act too late” 
if its primary measuring element lags. However, users want to 
know: “How much too late?” The writer believes that he dis- 
covered and published"? the only short-cut answer applicable to 
all control problems—an analytical method which involves the 
use of L, which is simple enough for instrument mechanics of 
high-school education, and which would become too mathemati- 
cal for most users if based on any “interval” other than L. 

The terminology could be made more uniform within the paper 
and more consistent with the rest of the literature. For example, 
in the second line under “Scope and Definitions” on page 595, 
the authors use “variable magnitudes” and on page 606, first 
line of paragraph numbered 3, they use “variable quantities.” 
The writer favors the term “magnitude” for signifying “that 
which is to be measured” or “that which is being measured,” 
and the term ‘quantity’ for signifying the numerical result of 
the instrumental measurement—which result is of course a 
mathematical quantity. For an extended argument on this 
subject, see pages 27-31 of “Fundamentals of Instrumentation.” 

On page 597, third paragraph of first column, the authors, in 
discussing accuracy, give the value: ‘‘2 per cent.” Two per cent 
of what? 

On page 605, in “Example No. 6,” the wattmeter citation does 
not seem to belong to a paper from which the authors state that 
they exclude electrical instruments; and the term ‘ratio meters”’ 
having acquired a definite meaning in electrical engineering, 
should not be adopted for a class of flowmeters—even though 
“ratio control” is widely used in fluid-flow-control engineering. 

The discussion of flowmeters starting on page 605 is marred 
by the opening sentence: “Flowmeters use the differential 
pressure ..... ” which is not true of all flowmeters—only of the 
head meters. The second sentence likewise makes an assertion 
which seems too broad when one remembers that a float is not a 
sine qua non, 

AvutHoRs’ CLOSURE 

In answering the discussion, the closure will be limited to 
the matters which are commort to the original paper and to the 
discussion. Failure to reply to some point does not indicate 
that the authors concur or that they consider the point of smal! 
importance, rather, it is to be understood that they feel that the 
point is not relevant. The main points of interest to the dis- 
cussers appear to be (1) the decimal interval, or “interval,” and 
(2) the classification of instruments, with some incidental termi- 
nology, and these points are answered in this order. 

Since the paper was intended chiefly to provide anyone i- 
terested in instruments by convenient analytic methods a treat- 
ment of both translational and rotational instrument systems 
in convenient dimensional units, which does not readily lend 
itself to discussion, the discussers are thanked for their con- 
tributions. Hersey’s extension of the bibliography’ is pat- 
ticularly helpful at this time. 


18 See also ‘‘Analysis of the Uniform-Rise and Uniform-Pressure- 
Angle Cam Curves,’ by R. F. Mallina, Trans. A.S.M.E., vol. 51. 
part 1, 1929, paper APM-51-14. 
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The decimal interval ¢; was taken from the demand-meter art 
where its convenience in use with 10-base semilogarithmic paper 
has amply justified its adoption. As mentioned in the paper, 
the percentum interval, i.e., for 1 per cent, is simply twice the 
decimal interval, i.e., for 10 per cent. This method has the prac- 
tical advantage of plotting without resorting to tables, as pro- 
posed by Behar in connection with the use of delay lag L. Con- 
yenient relations corresponding with the decimal interval were 
shown on Fig. 17 and under case 3 of dynamic relations, es- 
pecially Equations [18a] and [18b! of the paper. To these 
may be added 


dy 
ay [18¢] 
1 
L = [18d] 
a 


and L = time to reach 63 per cent of the final value of the de- 
parture, which is 37 per cent on Fig. 17 of the paper. 

The decimal interval ¢; for 10 per cent was introduced only 
because it proved to be of practical value. However, it was 
assumed that this would be taken as identifying other relations, 
such as z and L, when these seem handier for some special pur- 
pose. McMahon and Behar are thanked for calling attention 
to operators corresponding with the decimal “interval.” How- 
ever, as long as the-decimal system is commonly used, it is sub- 
mitted that this “interval” will be handiest in most cases. 

The classifications noted in the paper were, on the whole, for 
a different purpose from those mentioned in the discussion. 
The paper’s classifications were intended to facilitate the ana- 
lytical treatment of instruments. Continuing with the termi- 
nology used both in the present paper on industrial instruments 
and in that, previously mentioned, on automatic regulators, and 
as remarked by Rolnick, industrial instruments and regulators 
have much in common. Taking such terminology in a broad 
sense, as intended, instead of stressing minor departures from 
what may be common practice in certain classes of applications: 
An instrument includes any device by which something is pre- 
pared or done and so must properly include regulating devices. 
In the process industries, however, the instrument is generally 
visualized as for the lighter work of measuring (e.g., indicating, 
recording, integrating), telemetering, or governing controlling 
equipment. A regulator maintains an automatically controlled 
variable condition substantially constant; thus a manually 
operated valve controls the flow in a pipe, which flow is said 
to be regulated when the operator watches a flowmeter and sets 
the valve to maintain the discharge as nearly constant as he 
may. 

No pains have been taken to adhere slavishly to the above, the 
terms being used frequently in their broad sense where ambiguity 
seemed unlikely to result. Thus an instrument responsive to 
a variable, as for measuring or even comparing its value with a 
standard, has been occasionally termed a meter in the paper in 
the interests of concise presentation. At the same time, the 
terms used have been for the sake of presenting ideas rather 
than for adoption. 

The governing means of Fig. 2 of this closure frequently include 
some sort of follow-up to assure the maintenance of correspond- 
ence of the measured response with either the display portion of 
the meter or the controlling part of the regulator. The main differ- 
ence between an indicating device and one for regulating is that 
the direction of motion of the indicating device is positive, i.e., 
8o that the indication is “proportional” to the value of the 


variable, while the direction of motion of the regulator is nega- 
tive, i.e., so that the variable is controlled to reduce its value 
when the variable-responsive element indicates an increase of 
the variable. Another practical difference, as mentioned in 
the paper, is that the governing means of a regulator may have 
to be somewhat more complex to take care of the various process 
lags occurring in commercial processes. For the purpose of 
analyzing the basic classes of measuring and regulating systems, 
it is suggested that the general basic internal sort of classification 
followed in the paper is of more use at this stage than the encyclo- 
pedic types useful for examining the external detail design. 
The functions of invention or basic design are not served by 
classifications on the basis of external details, rather than on 
fundamentals having to do with the “whys” and “hows” of the 
art. 
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Fig. 2. Diagram Wuicu SHows OvEeRLAP OF METERS 
AND REGULATORS 


The measured-variable-responsive elements and the con- 
trolling means, generally valves, are well-standardized on the 
whole. The governing means, on the other hand, are at the 
same time more complex and less well-developed so that invention 
is more likely to lie in improvements therein, whether for meter 
or regulator, than in the other portions of the device and es- 
pecially for servo-operated devices. In view of the substantial 
overlap through the governing means, it seems desirable to 
have an extensive classification of the various governing means 
according to their methods of operation and essential structural 
combinations and without any regard to whether they are used 
on meters or on regulators. Such a classification of patents for 
example would go far toward ending the present confusion re- 
sulting from inadequate classifications made largely upon the 
basis of externals along the very lines urged by Rolnick and 
Behar. 

In conclusion, it may be interesting to note that, in the par- 
ticular example, i.e., of temperature regulation, which Behar 
chose as showing the possible excellence of plain self-operated 
devices, the closeness of regulation of within 0.1 C obtained 
with such devices before 1900 was brought down to within 
0.0001 C by the simple servo-operated device" of Gouy also before 
1900. Such improvements in performance are typical of servo- 
operation where the same is applied in such a way as to realize 
its inherent possibilities. 


144 ‘*Note on the Throttling of Electric Heat,”’ by C. Owen Fair- 
child, Instruments, Dee., 1937, pp. 305 and 317. 
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Further Studies of Three-Dimen- 
sional Pipe Bends’ 


C. W. MacGrecor.? Professor Hovgaard has shown in a 
convincing manner that the secondary rotations occurring in 
many pipe-bend problems do not have a great effect on the 
terminal reactions. Since, with the secondary rotations in- 
cluded, the amount of numerical calculation is obviously greatly 
increased, the pipe designer will no doubt make considerable 
use of the practical results and neglect in many cases the second- 
ary terms. The exact solution in the paper will serve as a stand- 
ard of comparison against which various approximate methods 
may be checked. 


D. B. RossHeim.* The writer wishes to know if the author 
has at any time worked up a complete solution of a pipe-bend 
problem including the effect of shear and direct forces which 
may assume considerable importance in short stiff runs of piping. 
Also, if the author has done any work toward evaluating the 
end effect on the flexibility of curved pipes. The writer believes 
that the tangents affect the degree of flattening obtained at the 
end of the curved members so that in effect a different flexibility 
factor would be obtained for 45-deg, 90-deg, and larger angle 
bends. This would also have an effect on the stress-intensifica- 
tion factor. 


S. W. Spretvoce..‘ The author has analyzed the secondary 
rotations and the secondary displacements for quarter bends 
fixed at one end and subjected at the free end to moments or 
forces acting respectively in the planes or parallel to the axes 
of a three-dimensional system of coordinates. 

With the inclusion of this supplement, the algebraic method 
presented in the original paper is rigorous and complete in every 
respect. 

In the majority of calculations concerning the flexibility of 
pipe lines located in space the practical engineer has disregarded 
all secondary motions in order to save time and labor. The 
behavior of pipe lines located in one plane has been taken as suf- 
ficient proof that the omission of secondary motions may be ex- 
tended to pipe lines located in space. Thanks to the author’s 
studies we know now that results obtained from the considera- 
tion of primary motions only are sufficiently accurate for all 
practical purposes. 

The author shows that all secondary rotations are exactly one 
twelfth of the primary rotations and that in the extreme cases 
investigated by him, the omission of both the secondary rota- 
tions as well as the secondary displacements had little practical 
effect upon the final result. Although the approximate values 
differ appreciably from the exact values, the difference is neg- 
ligible when taken as a percentage of the total magnitude. 

A few errors occur in Table 1 of the paper. These are as fol- 
lows: 

1 Under case I, M, should equal —FR cos y instead of — FR 
sin y. 

2 Also under case I, the coefficient for A,,, due to M,, should 
be —0.041 instead of +0.041. 

3 Also under case I, the total for Ay, should be 1.15, which 
is the value found by Equation [5] of the paper, instead of 0.150.. 

1 Published as paper FSP-59-13, by William Hovgaard, in the 
November, 1937, issue of the A.S.M.E. Transactions, vol. 59, p. 647. 

3 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 

* Mechanical Engineer, M. W. Kellogg Company, New York, N. Y. 
Mem. A.3.M.E. 

‘ Assistant Division Engineer, Consolidated Edison Company of 
New York, Inc., New York, N. Y. 
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Arraur McCorcuan.® This paper! serves to confirm opinions 
expressed in Crocker and Hendrickson’s discussion® of the au- 
thor’s paper’ published in 1935. These opinions were to the effect 
that an exact or rigorous solution of a three-dimensional pipe 
bend is warranted only in exceptional cases, since differences in 
computed results between the abridged solution given by the 
graphoanalytical method described in that discussion and the 
so-called exact solutions are of small consequence compared to 
the usual discrepancies between computed and test results 
Variations in pipe material, dimensions, and degree of fixity at 
the anchor points and intermediate supports are such that about 
all the piping designer can say with assurance is that the thrusts, 
bending moments, and stresses will not exceed certain values. 

In this connection it has occurred to the writer that it might be 
possible to determine an over-all “line-rigidity” factor which 
would take into account the effect of these variations and at the 
same time give a practical check on the computed results. This 
factor could be found by comparing measured and computed 
relations between force and deflection for the line with one end 
free. For example, if the force necessary to cause a given de- 
flection at the free end of a line, measured prior to making the 
final joint, were found to be 25 per cent less than the computed 
force for the free-end condition, it might also be reasoned that 
the line was approximately 25 per cent more flexible than com- 
puted for the fixed-end condition. 

Returning for the moment to the idealized three-dimensional 
pipe bend analyzed by the author, it is not just clear why the 
corrected exact values for the numerical example should differ 
from those worked out by the unabridged graphoanalytical 
method presented by Crocker and Hendrickson.* Although 
both solutions are based on the same fundamental assumptions 
as to flexibility of the elements and are presumed to take into 
account all minor or secondary displacements, the results do not 
agree much better than the various approximate solutions pro- 
posed. From which it might be inferred that sufficient numerical 
variations were introduced through the tedious calculations in- 
volved in making an exact solution practically to vitiate the ef- 
fect of including minor rotations and displacements. It seems 
pertinent, therefore, to inquire whether the results obtained by the 


TABLE 1 COMPARISON OF METHODS FOR DETERMINING 
THE REACTIONS OF THE THREE-DIMENSIONAL PIPE STRUC- 
TURE OF HOVGAARD’S SAMPLE PROBLEM 


Reacting forces, |» 
P Q N 


Method 


Hovgaard's exact solution® 

Unabridged graphoanalytical method accounting for 
all rotations and displacements? 

Hovgaard's solution? 

Original graphoanalytical method>.................. 


1726 


1768 
1731 
1714 


1815 631 7 


1850 629 
1821 643.0 
1784 63° 


@ See Table 2 of the paper referred to in footnote 1 of this discussion. 
b See Table 3 of the discussion by Crocker and Hendrickson referred to i" 
footnote 6 of this discussion. 


longer method are enough better than the approximate methods 
to warrant the extra work involved. A comparison of results 
obtained by various methods is given in Table 1 of this discus- 
sion. 

Furthermore, both the model tests reported by Mayrose® and 


5 Engineer, Mich. Jun. 
A.S.M.E. 

¢ Discussion by Sabin Crocker and G. A. Hendrickson of the paper: 
“Stresses in Three-Dimensional Pipe Bends,” by William Hovgaard. 
Trans. A.S.M.E., vol. 58, July, 1936, pp. 393-395. 

7 “Stresses in Three-Dimensional Pipe Bends,” by William Hov- 
gaard, Trans. A.S.M.E., vol. 57, October, 1935, paper FSP-57-12, pp- 
401-415. 

* Discussion by H. E. Mayrose of the paper, ‘‘Stresses in Three- 
Dimensional Pipe Bends,” by William Hovgaard, Trans. A.S.M.E.. 
vol. 58, 1936, pp. 395-397. 
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the test reported by Cope and Wert® show from 15 to 50 per cent 
greater deflections than the theoretical formulas in the case of 
quarter bends acted on by forces and moments perpendicular 
to the plane of the bend. Thus, it appears questionable on two 
counts whether the so-called exact solutions are appreciably 
closer to the actual conditions existing in a three-dimensional 
pipe bend than the approximate solutions. 

The previously mentioned discrepancies between present 
theories and tests for quarter bends acted on by forces and mo- 
ments perpendicular to the plane of the bend could well bear 
further investigation. While mathematicians are inclined to 
blame all discrepancies on errors in testing, it is possible some 
modification is required in the theory which could be detected 
through more rigorous analysis of the hypothesis on which it is 
based. In view of the author’s well-known capacity in the 
analytical field, the writer would like to urge that he give further 
consideration to this phase of the problem. The author’s com- 
ments on the value of a free-end check computation and measure- 
ment would be of interest 


A. E. R. pe Joneg.!° Since this paper forms an extension to 
the author’s previous paper,’ a few remarks regarding his clo- 
sure" of the discussions to it are in order. 

The author claims that his cases I to IV are of fundamental 
importance in space problems and are novel in so far as they are 
not used in connection with pipe bends in one plane. The writer 
upholds his claim to priority for cases I to IIT and would like to 
state that these cases were not derived for pipe lines in one plane, 
but expressly for pipe lines in space, and were so used, for ex- 
ample by Walker and Crocker in their “Piping Handbook,’’"? to 
which the writer had contributed the correct solutions. As to 
the author’s case IV, he is mistaken in considering this a funda- 
mental case, for, as the writer has shown," it is nothing but a 
superposition of cases I, II, and III. In regard to the numerical 
values obtained by case IV, it is immaterial whether the actions 
or the reactions are calculated as they differ in sign only. The 
author’s difficulty arises presumably from his unfamiliarity with 
the rigid-bracket method which was used by the writer.'* 

The new equations with their multiplicity of terms which the 
author now gives will undoubtedly convince everybody who at- 
tempts to use them that it is very easy to make mistakes. For 
this reason, a proper tabulation of the various terms, such as was 
used by Karelitz and Marchant,'* would be of decided advantage. 
While it is true that, in actual cases, the numerical factors will 
considerably reduce the complicated form of the equations for the 
six unknowns, a proper tabulation would materially assist in 
arriving at the correct final equations. 

The author shows that the secondary rotations are relatively 
unimportant as they are but one twelfth of the primary rotations 
and, thus, may be omitted without great error. The writer fully 
agrees with the author regarding such omission, but not so much 
for the reason of their mathematical unimportance, as on account 


*“Load-Deflection Relations for Large, Plain, Corrugated, and 
Creased Pipe Bends,” by E. T. Cope and E. A. Wert, Trans. 
A.S.M.E., vol. 54, 1932, paper FSP-54-12, pp. 215-245. 

‘© Babcock & Wilcox Company, New York, N. Y., and lecturer 
at the Polytechnic Institute of Brooklyn, N. Y. Mem. A.S.M.E. 

; " Author's closure to the discussion of the paper: ‘‘Stresses in 
Chree-Dimensional Pipe Bends,” by William Hovgaard, Trans. 
A.S.M.E., vol. 58, 1936, pp. 398-400. 

“Piping Handbook,” by J. H. Walker and 8. Crocker, McGraw- 
Hill Book Company, New York, N. Y., second edition, 1931. 

‘’ Discussion by A. E. R. de Jonge of the paper: ‘“‘Stresses in 
Three-Dimensional Pipe Bends,” by William Hovgaard, Trans. 
A.S.M.E., vol. 58, 1936, pp. 391-393. 

“End Reactions and Stresses in Three-Dimensional Pipe Lines,” 
by G. B. Karelitz and J. H. Marchant, Journal of Applied Mechanics, 
Trans. A.8.M.E., vol. 59, June, 1937, p. A-68. 
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of our inaccurate physical knowledge of the true behavior of pipe 
bends, for, as was shown by the tests carried out by Cope and 
Wert,® there still remains a difference between the calculated 
and measured value of from 17 to more than 50 per cent to be 
explained in the case of the deflections due to the secondary rota- 
tions. These deviations point to a systematic error in the calcu- 
lations. 

Th. von Ka4rmén, in his original and classic investigation on 
the flexibility of pipe bends, has pointed out that his analysis 
accounted for only about four fifths of the actual flexibility of the 
pipe bends. Cope and Wert® showed that, for example in the 
case of torsion at the free end of a bend, the discrepancy between 
test value and theoretical value was about 53 to 56 per cent. 
Thus, there seems to be something vitally wrong in our present- 
day analysis, and the neglect of the secondary rotations, which 
are but one twelfth of the primary rotations, is relatively unim- 
portant compared with the difference between test and theoretical 
values. 

Due to the incompleteness of our present-day analysis, the 
writer suggests that the author, who has studied the whole prob- 
lem of pipe flexibility so elaborately, carefully scrutinize all 
steps in the analysis to see whether there is not a flaw or weak 
point in it that needs correction or elaboration. Until this is 
done and until we have arrived at an analysis which actually 
accounts for the entire flexibility of pipes whether straight or 
bent, both in bending and in torsion, there is no use of arguing 
about small differences in mathematical formulas or about the 
results arrived at by one or the other of the theoretical deriva- 
tions which are based on such insufficient physical knowledge. 

Attention should here again be drawn to the fact that the 
problem investigated by the author is not a general one but a 
specific one and, thus, loses much of its general importance. 
Nevertheless, the author should be highly complimented on hav- 
ing attempted a “rigorous” solution of a problem that is of great 
importance to engineering. 

Finally, it should be pointed out that the errors of our calcula- 
tions lie, fortunately, on the safe side as the pipe lines are actu- 
ally more flexible than we assume them to be in our calculations. 
Creep, to which the writer previously drew attention,'* has a 
similar effect in that it reduces any high local stresses. Thus, not 
much harm is done by any slight errors in our calculations. 


J. H. Marcuant.'® In a previous paper,’ the author derived 
formulas for the total rotations and displacements in quarter 
bends corresponding to loadings referred to as cases I to IV, inclu- 
sive. These formulas were derived by integrating over the 
quarter bend the component local rotations and displacements 
which are produced by bending and twisting moments at some 
arbitrary point S of the quarter bend. 

In the present paper,' sample derivations were given for the 
same four cases previously mentioned. In addition, the scheme 
of derivation was modified by still further resolution, showing 
in detail the source of the component rotations and displace- 
ments, respectively, which comprise those similar expressions 
given in the earlier paper.?. The detailed results of these deriva- 
tions are conveniently tabulated. However, their bearing on 
this paper! is not obvious, unless they were used to facilitate the 
derivation of the rotation and displacement equations, which, 
as the author has pointed out, is somewhat complicated. 

In the earlier paper,’ the secondary terms due to constant 
couples were purposely omitted by the author from the rotation 
equations, while the secondary terms due to variable couples were 
included. There were supposed to be no secondary or other 
omissions in the corresponding displacement equations. In 


18 Assistant Professor of Mechanical Engineering, Postgraduate 
School, U.S. Naval Academy, Annapolis, Md. Mem. A.S.M.E. 
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contrast to the earlier paper,’ the apparent purpose of the present 
paper' is, first, to present the exact rotation and displacement 
equations for the pipe line shown in Fig. 6 of the earlier paper’ 
and reproduced as Fig. 1 in the paper! under discussion, and, 
second, to justify, on the basis of calculations made on this same 
simple pipe line with varying tangent lengths, that it is generally 
permissible to omit all secondary terms in calculations of this 
nature. 

This point of view is introduced by studying the effect of small 
local rotations on the calculated reactions of a straight pipe line, 
and the conclusion is drawn that the effect of small rotations on 
the reactions of such a pipe line is negligible provided they are 
sufficiently near the anchorage. Supplementing this work with 
his wealth of practical experience, the author points out further 
that secondary rotations are always insignificant near the anchor- 
ages of all long pipe lines. Nevertheless, in the last paragraph 
of the paper,' he does suggest that it may be advisable in some 
cases to make a rough calculation of the errors introduced by such 
omissions. 

In order to illuminate this point of view in greater detail, the 
reactions experienced by the author’s pipe line were calculated by 
the approximate equations given in the earlier paper’ and also by 
the so-called “exact’’ equations given in the present paper. 
These calculations were performed for three modifications of 
Fig. 6 of the earlier paper,’ as explained by the author, and the 
results are given in Table 2 of the present paper.!. They indicate 
that, in the case of this particular pipe line, the omission of the 
effects due to all secondary rotations is justifiable. 

While any scheme which will reduce the work necessary to 
calculate the reactions experienced by three-dimensional pipe 
lines is welcome, generalities of the sort proposed by the author 
are dangerous, particularly when they are inspired by a rela- 
tively simple special case. Although each numerical calculation 
given in Table 2 of the paper! was not checked in detail by the 
writer, the calculations tabulated there as “approximate’”’ were 
apparently computed by the use of Equations [31] to [37], inclu- 
sive, of the earlier paper,’ and those tabulated as “‘exact’’ were 
computed by Equations [20] to [25], inclusive, of his present 
paper.’ 

The validity of Equations [31] to [37], inclusive, together with 
those more general equations of the earlier paper,’ from which 
they are derived, is questionable. The same criticism applies to 
Equations [20] to [25], inclusive, of the present paper.! Because 
of the similarity of Equations [31] to [37] and [20] to [25], only 
the last group of equations will be considered in the writer’s dis- 
cussion which follows. 


TABLE 2 
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CHECKS BASED ON MAXWELL’'S RECIPROCAL THEOREM FOR EQUATIONS 
[20] TO [25], INCLUSIVE, OF HOVGAARD'S PAPER! 


OCTOBER, 1938 


Equations [20] to [25], inclusive, were given in the present 
paper' as accurately representing the elastic conditions which 
exist in the pipe line shown in Fig. 1 of the paper.!| These equa- 
tions are derived under the conditions for which Maxwell’s 
reciprocal theorem is valid; namely, that the force system 
to which the pipe line is subjected is conservative, and that 
Hooke’s law and the principle of superposition apply. It fol- 
lows, therefore, that if these equations be correct, in accordance 
with Maxwell’s reciprocal theorem, the equalities between the 
coefficients shown in Table 2 of this discussion should exist. 
That is, the coefficient of P in the Z-rotation equation should 
equal the coefficient of Mp, in the X-displacement equation, 
and so on. The coefficients compared in Table 2 of this dis- 
cussion were taken from Equations [20] to [25], inclusive, of the 
paper.' In this table, Py is the coefficient of P in Equation 
[20], Mo,., is the coefficient of Mo, in Equation [25], and so on. 
Obviously, no such check exists among the coefficients of the 
equations which the author refers to as “exact.” 

In view of this fact, and as a basis of comparison, the writer 
has determined the reactions experienced by the pipe line, shown 
in Fig. 1 of the paper,' under those conditions specified by the 
author, using the method described in a recent paper.'* The 
principle here involved is fundamentally the same as that used 
by the author, and, for this reason, the equations resulting there- 
from should lead to results approximately equivalent to his. 
These equations are'*:!7 


—11,606P + 26,592Q + 5.445M,, + 394.1M,, = 0....[1] 
27,985P — 420.9Q — 25,226N + 5.445M,, + 414.5M,, = 0..(2] 


420.9P — 22,116Q + 10,157N + 327.4M,, + 5.445M,, 
[3] 


3,070,606P — 1,281,586Q — 1,942,217N + 420.9M,, 
+ 27,989 M,, — 11,604M,, = 468.4 X 10*...... [4] 
—1,281,712P + 4,220,317Q — 785,198N — 22,117M,, 
— 420.9M,, + 26,593M,, = 755.3 X 108....... [5| 


— 785,201Q + 3,430,451N + 10,158M,, 
— 25,224M,, = 307.8 X 10%............. (6 | 


—1,941,917P 


The Maxwell checks among the coefficients of Equations [1 | 
to [6] are given in Table 3 of this discussion. 

The solutions of Equations [1] to [6], which are the reactions 
exerted by the pipe line at A are: P = 1729.10 lb, Q = 1815.80 
Ib, N = 633.23 lb, M,, = 103,285 lb-in., 
M,, = —77,704 lb-in., M,, = —73,018 
lb-in. From the equations of equilibrium 


Pu = Mem ...... 790.5:—11600 Moyo = Mor 5.445: 0 ‘ne li 
397 500. 304.2 of the pipe line considered asa whole, it 
Px = ...... 45620.0 421 = Moyn 0 follows that the reactions exerted on it at 
1027700.000: 7780.0 are as given in Table 4 of this discussion. 
Nu = Qs - 2380500. 000: 0 From these figures, it is obvious that the 
ia > Moe 18877 .0:—25220 reactions experienced by point O of the pipe 
= | . . . . . 

Nu = Moun a line obtained in the discussion agree very 


TE: In this table, P2 is the coefficient of P in Equation [20] of the paper; and Moyzs is the coef- 


ficient of Moy in Equation (25] of the paper, and so on. 


TABLE 3 CHECKS BASED ON MAXWELL’S RECIPROCAL THEOREM FOR EQUATIONS 
{1] TO [6], INCLUSIVE, OF THIS DISCUSSION 


closely with those obtained by the author. 
However, a study of Tables 2 and 3 of 


16 The data used in obtaining these formulas 
were taken from page 413 of Hovgaard’s ear- 


Pi = Mazs . —11606 :—11604.0 = 0 10158.0 

P2 = May 27985 27989 .0 Mey = Men .... : 0 lier paper, referred to in footnote 7; also, the 

Ps = Max . 420.9 420.9 Man = Man.... 3. 445: 5.445 usual formulas for local rotations and displace- 
= Mazs 26592.0: 26593.0 Mazr = May: .... 5.445: 5.445 ments were used 

2 = Mays .... — 420.9: —4209 = Py .... —1281586.0 :—1281712.0 sed. 

= 0: 0 Ns = —1942217.0 :—1941917.0 17 The detailed calculations made in obtain- 
Ni = Mass.... Ns = » — 785198.0 : —785201.0 ing these formulas are too lengthy to be pre- 
—25228. 25224. ° sented with this discussion, but they corre- 
Nore: In this table, P: is the coefficient of P in Equation [1] of this discussion, Mays is the coef- spond to those given in Tables 11 to 20, in- 


ficient of May in Equation |6], and so on. 


clusive, of the paper referred to in footnote 14. 
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TABLE 4 SOLUTION OF EQUATIONS [1] TO [6], INCLUSIVE, 
OF THE DISCUSSION COMPARED WITH THE CORRESPONDING 
VALUES OBTAINED BY THE AUTHOR'S EQUATIONS 


Values from Values from 


Force or Marchant’s Hovgaard’s 
moment equations equations 
P,\lb 1729.10 1726.0 
Q, Ib 1815.80 1815.0 
N, lb 633.23 631.7 
Moz, |b-in 54869 . 00 54715.0 
Moy, lb-in 12624.00 — 12608.0 
M oz, |b-in —127402.00 —127162.0 


this discussion reveals that although Equations [1] to [6] seem 
to check when Maxwell’s reciprocal theorem is applied, there 
is apparently no equality between the coefficients of Equations 
[20] to [25] of the paper. This seems to be an inconsistency, 
since both sets of equations express the elastic properties of 
the same pipe line. 

The method applied by the writer to determine the end reac- 
tions of the pipe line shown in Fig. 1 of the present paper' is based 
on the author’s work, and it is hoped that the writer’s discussion 
will further enhance the significance of his papers,'? in spite of 
the questions which may have been raised as a result of this 
discussion. 


J. A. VAN DEN Broek.'’ Being unfamiliar, not only with the 
author’s papers on stresses, reactions and deformations of pipe 
bends, but also with the general literature on the subject, it 
might appear presumptuous on the writer’s part to enter into 
the discussion of this paper! except for one thing. In the intro- 
ductory paragraph, the author states that he gives revised for- 
mulas “comprising all the secondary terms.’’ This, in a sense, 
simplifies the matter in that it presents the problem as one in 
strength of materials, namely, a problem of elastic deformations 
of a three-dimensional structure subjected to a most genera! con- 
dition of loading. It is, then, as a problem in strength of ma- 
terials, that the writer shall approach Professor Hovgaard’s 
paper and, on that basis, discuss it. 

The particular process by which the author develops his equa- 
tions appears largely a matter of personal taste. Once derived 
there still remains the question as to whether or not they are cor- 
rect. The writer has set himself the task to examine this ques- 
tion. For such examination it seems more convenient for him 
to use the theory of elastic energy than to apply the method of- 
fered by the author. This also is strictly a matter of personal 
preference. Furthermore, a check obtained by an entirely dif- 
ferent process would seem to have the added value of complete 
independence. 

To make sure that there shall be no misunderstanding as to the 
statement of the problem, the writer lists below what he under- 
stands to be the assumptions involved in the paper: (1) Ma- 
terial is elastic. (2) Stiffening effect of flanges or collars is 
ignored. (3) Transverse shear as well as direct tension or com- 
pression is ignored. (4) The principle of superposition applies, 
except for bending of the bends about an axis perpendicular to 
their radii. (5) The moment of inertia about centroidal axes, as 
well as polar moments of inertia, is the same for bends as for 
straight pipes. 

As to the fifth assumption, the writer, though not personally 
familiar with the manufacture of pipe bends, presumes that a 
bend is obtained from an originally straight pipe. Even if it 
proves possible to maintain a perfect circular cross section when 
the bend is manufactured, the thickness of the pipe wall on the 
outside of the bend must be somewhat reduced, whereas on the 
inside it must be somewhat increased. Presumably such changes 
affect the value of the moment of inertia but slightly as long as 
the outline of the cross section is maintained perfectly circular. 


'* Professor of Engineering Mechanics, University of Michigan, 
Ann Arbor, Mich. 
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The exception to the fourth assumption, namely, the fact that 
for curved pipes, loaded with a couple about an axis perpendicu- 
lar to the plane in which the pipe lies, the principle of super- 
position does not apply, and the introduction of the factor K to 
allow for it, appears to be most seriously open to question. That 
a curved pipe of circular cross section loaded with a moment about 
an ax's perpendicular to its plane changes this cross section to a 
more or less elliptical shape is not questioned. That the change 
in stiffness of such a curved pipe can be correctly represented by 
a constant K is not so convincing. From such reasoning it 
would appear that an infinitely small moment produces a finite 
amount of flattening of the cross section of the pipe and a large 
moment would produce the identical amount of flattening of the 
cross section, neither more nor less. 

For the present leaving out of consideration the degree of flat- 
tening produced and the manner of representing the effect of this 
flattening on the elastic behavior of the bend, it is to be noted that, 
if the cross section flattens along one axis, the diameter along an 
axis at right angles must increase. The author considers torsion 
and also bending about two axes at all points, and correctly so. 
It is stated that the stiffness of a pipe bend about an axis, per- 
pendicular to the plane of the bend, may be decreased, as the re- 
sult of a flattening of the cross section, some 50 per cent or more. 
According to the writer’s figures, the stiffness about the other 
axis would then necessarily be changed approximately from 4 to 
10 per cent. This is not the worst, however. Let us say a pipe 
bend lies in the plane of this paper and is bent in a manner so as 
to increase the curvature of the pipe (decrease the radius of curva- 
ture). This would increase the diameter perpendicular to the 
paper. If the loading is reversed, the diameter perpendicular to 
the paper is lessened. The decrease in stiffness of the pipe 
about an axis perpendicular to the plane of the paper, the pipe 
being loaded to increase its curvature, is practically the same as 
the decrease in stiffness, about the same axis, that occurs when 
the pipe is loaded so as to decrease its curvature. If the factor 
K is assumed to represent the one case, it will do so equally well 
when the loading is reversed. However, the change in stiffness 
about the other axis varies approximately from 4 to 10 per cent. 
This change will be either an increase or a decrease. If the load- 
ing of the pipe bend is such as to increase its curvature, then its 
stiffness about an axis in the plane of the pipe bend (about the 
radius R of the bend) is increased. If the loading of the pipe 
bend is such as to decrease its curvature, then its stiffness about 
an axis in the plane of the pipe bend is decreased. 

By advancing these arguments the writer is not suggesting that 
all these factors should be taken into account. It would seem 
that the analysis offered by the author is even now too compli- 
cated for practical purposes. However, contrary to a much 
quoted opinion, the writer does not believe there ever can be any 
real discrepancy between theory and practice. Any such dis- 
crepancy, except for the rare instances when facts are erroneously 
recorded, means but one thing, namely, faulty theory. A perfect 
theory must give a perfect check between theory and test. The 
reason for discussing discrepancies in detail grows out of the 
author’s assertion that he has included all secondary effects in 
his theory. By canceling out the term / in his equations, and by 
the introduction of the factor K to allow for a flattening effect 
upon the stiffness about one axis, it seems obvious that he has 
ignored the change in stiffness about the other axis. Either this 
latter effect remains to be included in the analysis, or else it must 
be agreed that all secondary effects are not completely accounted 
for, and that the analysis remains, in a measure, an approximate 
one. 

Accepting, for the sake of argument, the author’s assumptions 
as the writer understands them, there remains the question of the 
accuracy of the resulting equations. In Equation [14] of the paper 
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the writer has checked all the terms and finds them correct. In 
Equation [15] of the paper the writer obtained —0.506 R? instead 
of +0.506 R? for the first term in the coefficient for N. Equation 
[16] appears to suffer from an obvious typographical error. The 
last bracket should apparently be shifted forward one term and 
the unknown Q should be included. Thus, the last part of Equa- 
tion [16] should read —(2.956 R? + 0.571 KR* + 2.806 RL, + 
1/, L,? + 1.30 LL,) Q—0.150 RHN. In regard to Equations [14], 
{15], and [16] of the paper, except for the few minor discrepancies 
pointed out, the author’s and the writer’s results agree. . But no 
such agreement can be established between Equations [17], 
[18], and [19] of the paper and corresponding equations derived 
by the writer. 


Ls R,SiN 9) 


(b) 
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It is feared this discussion will become too lengthy if the 
writer should attempt to discuss Equations [17], [18], and [19] of 
the paper in detail. He will limit his discussion to Equation [19], 
and narrow it down still further by confining his attention to the 
coefficients for the unknowns P and Q. The most serious dis- 
crepancy appears to be in Equation [19] of the paper under dis- 
cussion! as well as in Equation [30] occurring in tbe author’s 
previous paper,’ wherein the coefficient of Q is zero while the 
writer obtained 


(Ri 4 0.5L,)L, + {0.5 (Re + L,) + 0.785R:} Ri 
— 1.3 {0.5 + L,) + 0.215 Ri} RiJTQ..... . 


The manner in which this coefficient was obtained is as fol- 
lows: Fig. la of this discussion shows the pipe line fixed at O 
and free at A. The force P at point A is the auxiliary force ap- 
plied in the Z-direction. We are to find the effect of force Q, 
applied at A, on the displacement of point A in the Z-direction. 
This effect is given by the expression 


A 
+ T,T, ds 
PGI, 


The writer uses in this discussion the notations given in his 
text,'* wherein M, and T,, respectively, represent the moment 
and torque caused by the auxiliary loading P; M, and 77, re- 
spectively, represent the moment and torque caused by the 
actual loading Q. In so far as the straight pipe lengths are con- 
cerned, along the length L,, both M, and T, are zero, therefore, 
the integrals are zero. Along the length L, the auxiliary force P 
produces an M, about the vertical axis, while the actual force 
Q produces an M, about the horizontal axis. The integral 


19 ‘Elastic Energy Theory,”’ by J. A. Van den Broek, John Wiley & 
Sons, Inc., New York, N. Y., 1931. 


4 M,M, ds 
Oo PEI 
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/_ M,M_.ds is therefore zero. Also, 7, along the length L, is 
zero. Therefore Py T,T ds is also zero. 
Along the length L,, T, is zero, and therefore 


However, the M, caused by the auxiliary load P is M, = Pr 
and the M, caused by the actual load Q is M, = QT. Both 
these moments are about the same axis. 


° M,M, d 


The integral a then becomes 
(WSL, + RL, TQ 
B PEL EI 


which accounts for the first factor in the writer’s expression || | 
given in the left-hand column of this page. 

On the right-side bend, the auxiliary force P produces no 
torque. It does cause a moment, but this moment is about the 


Y 


tt 


(a) 


Fig. 2 


Y-axis. The Q loading produces both a torque 7’, and a moment 
M,. Since this latter moment is about an axis in the X,Z-plane 
and not about the Y-axis, both integrals 


F 


F 
|, TT, ds 
PEI PGI, 


are zero. 
On the left side bend forces P and Q cause moments and 
torques as indicated by moment vectors in Fig. 16 of this dis- 


D 
T,T, ds 
+ “PGI, becomes 


+L, + Rising) cos + PCR, — Ry sin 


M,M, ds 


PEI 


cussion. 


j, 
QT sino R, 49] /PEL) + [1.3 — R, cos ¢)cos ¢ — 
0 
P(R.+ L, + Risin ¢) sin ¢} QT cos ¢ R, dg] /PEI 
Canceling EJ and integrating, this becomes 


(0.5 + L,) + 0.785 R; —1.3 {0.5 + L,)+0.215 Ri}) 


which accounts for the last factor in the coefficient of Q, desig- 
nated as [I], given previously. 
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The matter of sign is explained as follows: From Fig. 1b 
it may be seen that when the component vectors of M, and M, 
or of T, and T,** carry the same sign the product M,M, or 
T,T, is positive. When these component vectors carry oppo- 
site signs then the product M,M, or 7',T’, is negative. 

To obtain the coefficient for F*! in Professor Hovgaard’s 
Equation [19] we refer to Fig. 2a of this discussion in which P, as 
before, represents the auxiliary force applied at point A in the 
direction Z, and F?! represents the actual loading. 

For the straight pipes the integrals appear as follows 


F F 
= OM,ds = 0......... [9] 
A A 
F F 
O X Ods = 0........ 
A A 


[10] 
M,M,ds_ ° PrFT dr _ FT{(L, + R:)?—R*} 
PEI a PEI 2EI 


D D 
ds 
°M,M,ds FuQuds _ 
B PEI B PEI mer 


In this last instance the forces P and F*' induce moments M, 
and M, in the leg L,. However, since these moments are about 
two axes at right angles to each other, the integral 


M,M,ds = 0... 
B 


° ds °L3PLFT dy 13LL, TF 
PGI, B PEI EI 


To evaluate the effect of the F*' load on the two bends with refer- 
ence te the displacement of point A in the direction Z, we refer 
to Figs. 2a and 2b of this discussion. Between points EF and F 
both 7, and 7, are zero, therefore 


[14] 2 


M,M, ds 


However, 
PEI 


becomes 


KP (R, — R; cos $)F(L, + Rz sin de 
0 PEI 


K(0.5 + 0.571 Ry? L,)F 
El 


..[17] 


Between points B and D, the loading is as represented by Fig. 2b 
of this discussion, which shows three moment vectors. The 
force F, in addition to moment vector F7', produces a moment 


*® In the figures with Van den Broek’s discussion, force vectors are 
represented by lines with a single arrowhead, moment or torque vec- 
tors are represented by lines with double arrowheads. 

*1 In the conventional elastic-energy-theory notation the letter 
P is restricted to represent only the auxiliary loading, while Hovgaard 
used the letter P to represent the reaction in the X-direction. In order 
to avoid conflict, the writer has used the letter F to represent this 
reaction in the X-direction. 

_ * “Elastic Energy Theory,” by J. A. Van den Broek, John Wiley & 
Sons, Inc., New York, N. Y., 1931, pp. 122 and 145. 
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in the bend, which moment is about the Z-axis, while the moment 
due to P causes only a component moment about an axis coin- 
cident with R:. Therefore this moment effect due to the load F 
is not included in the expression for M,, the actual moment. 
Thus 


M,M,ds 
PEI 


+ L,)cos¢ + R: sir ¢} FT cos de 
0 


PEI 
TR, F 
= {0.785 + L,) + 0.500 R, (19) 
D 
TT, ds 
B PGI, 
1.3 P + L,) sin + Ri — Ri cos FT sin ¢ Ri de 
0 PEI 
[20] 


{0.785 + L,) + 0.500 Ri} {21} 


Canceling EI, simplifying and combining these factors, we 
obtain for coefficient of F*! in Equation [19] of the paper the ex- 
pression 


L,? + L,R:)T + 1.3L L,T + K(0.5 + 0.571 L,) 
+ 2.3 {0.785 (R: + L,) + 0.500 Ri} TRiJP.. . (22) 


At the outset, the writer has stipulated that in the limited 
time at his disposal, he proposed to discuss the paper! as a prob- 
lem in abstract engineering mechanics. The assumptions 
underlying the problem are sufficiently open to question to lead 
one to doubt the practical value of any conclusions based on 
them, no matter how perfect the mathematical treatment. 
Nevertheless, if the mathematical treatment in the hands of 
different people leads to conflicting conclusions, a question of no 
small interest remains, namely, which of the procedures has led 
to the right answer within the assumptions and which to the 
wrong one, and why? 

To make his position clear, the writer wants to state that in 
the field of analysis of redundant structures, within the assump- 
tions of superposition and elasticity, he recognizes only two 
theories, namely, the elastic-energy theory and the theory of 
the elastic curve. The former is applicable to the entire field, 
the latter is somewhat limited. Nevertheless, where they are 
both applicable they lead to identical results. All so-called other 
theories are only variations of one of the two major philoso- 
phies. The writer has chosen the theory of elastic energy be- 
cause of greater familiarity with it, because it eliminates all 
conventions of signs, except the one for conservation of energy. 
The theory of elastic energy has no need for the sign conventions 
associated with the Cartesian-coordinate system nor does it 
make use of sign conventions relative to bending moments or 
relative to clockwise and counterclockwise rotation. Further- 
more, the time allowed for preparation of a discussion was short. 
He felt that in this way he could duplicate the author’s equa- 
tions and at the same time arrive at a completely independent 
check. 

Rather than discuss the author’s analysis in detail, the writer 
proposes to derive, by means of the elastic-energy theory, and 
on the basis of Figs. 3a and 36 of this discussion, the identical 
expression for F*! and its coefficient submitted by the author. 
In this way the writer proposes to prove this result to be fal- 
lacious. 
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Suppose the structure under consideration were loaded with an 
auxiliary loading as represented by Fig. 3a, the same, in fact, 
as Fig. 2a. Suppose that next an actual loading represented by 
Fig. 3b were superimposed. We may express M,, 7',, M,, and T, 
in terms of all the forces to either right or left of any section in 
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question. Thus, we may represent correctly the M, and T, 
functions in terms of the force P at A in Fig. 3a, while we repre- 
sent the M, and 7, functions in terms of the force F at O in Fig. 
3b. We find that only for the bend EF do we have simultaneous 
values for M, and M,. For all other parts of the structure, 
JS M,M,ds = 0, as wellas ds = 0. 

The expression  % M,M, ds + ty T,T ds thus simplifies 


to | if M,M, ds and this in turn (see Figs. 3¢ and 3d) becomes 


KP(R, R, cos F(R, — R, sin ¢) Rido 
0 


This is the expression that occurs in Equation [19] of the paper. 
It has a very definite meaning. We know that 


4 M,M ATT, ds 
O EI 


represents the elastic energy stored in the structure because the 
auxiliary loading P was fully acting prior to the application of 
the actual loading Q. By virtue of the principle of conservation 
of energy, this amount of energy, then, must equal the external 
work done by the auxiliary loading, by the forces P at A and O, 
and the two couples PH and PL at 0, shown in Fig. 3a of this 
discussion. The deformations involved when the P loading is 
applied do not enter into the picture. It is the deformations 
resulting from the Q loading with which we are concerned. The 
Q loading represented by Fig. 3b shows a fixed end at A. When 
this is superimposed upon the P loading represented by Fig. 3a, 
the point A does not move. It is the point O that moves. It 
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not only moves linearly, but the tangent to the structure at A 
also rotates about the three axes of rotation. Therefore 


A A 

M,M, ds ds 

— 40.071 PKR = P: 
OD. + 0.071 PKR Pa, 


+ + PLA,... (24) 


In Equation [19] of the paper, the term +0.071 KR*F® ap- 
pears to represent only the effect of F?! upon the linear displace- 
ment of either point A or O (not specified by the author) in 
the Z-direction, namely A,. The author’s term +0.071 KR‘F, 
in his Equation [19], therefore, can be correct only if PH6z and 
are both zero. Since both expressions and 
are obviously not zero, it must be concluded that the coefficient 
for F*! in Equation [19] of the paper is wrong. 

The same argument, here given with reference to the coef- 
ficient for F?! in Equation [19] of the paper, applies with equal 
force to a number of other coefficients for unknowns in Equa- 
tions [17], [18], and [19] of the paper. In every case examined, 
the writer found what he considered his correct answer to differ 
from that submitted by the author. Furthermore, the writer 
was able to develop identical coefficients as those submitted by 
the author, but in each instance the writer has satisfied himself, 
by reasoning exemplified in his discussion of the author’s co- 
efficient for F*! in Equation [19] of the paper, that the theory 
which led to such an agreement was erroneous. 

For the sake of completeness, it should be stated that a co- 
efficient for F may be developed in a manner very different from 
that employed by the writer in earlier parts of this discussion, 

yet both are equally cor- 

rect. While the writer 
based his analysis on Fig. 

“7 2a of this discussion, an 
we analysis equally correct 
ji might be based on Fig. 4 
of this discussion. — In 

that case the expression 

for the displacement of the 

point O relative to A as 

affected by F, appears as 


(0.5 (KR, — 0.15 H*R:) 

— 0.5 (T? — RYLIF. 

F These two expressions 
a ween for F and its coefficient 
“ not only look different, 
- but are dissimilar. The 
Fia. 4 point is that, while the 


displacement in the Z-di- 
rection due to the temperature change may be expressed as 
either A,, or Ao., which are identical, it does not follow that the 
displacement of A in the Z-direction under a single load F ap- 
plied at A, shown in Fig. 2 of this discussion, is the same as the 
displacement of O in the Z-direction under a single load F ap- 
plied at O, shown in Fig. 4 of this discussion. Either coefficient is 
correct, but correct only in its proper relation to five other co- 
efficients similarly developed. 

In the preparation of this discussion the writer has been 
assisted by E. O. Scott, graduate student at the University of 
Michigan, who has checked the writer’s result quite independent 
of him. 


AvTHOR’s CLOSURE 


Replying to a question by Mr. Rossheim, the author has never 
attempted to include the effects of shear and direct forces even in 
plane pipe bends, having regarded these effects to be generally 
insignificant in cases where bends are introduced in a pipe line. 


OCTOBER, 1938 


t 
( 


lc 

a” 

| 

> 

a, 


DISCUSSION 


There are, however, exceptions to this rule, especially in experi- 
mental work. The influence of the tangents in reducing the flat- 
tening of a bend at the joints, may be considerable, but quite 
local and in most cases of the second order in relation to the 
flexibility of the whole bend. 

It is a satisfaction for the author to see from the remarks of 
Mr. Spielvogel that the detailed discussion in the paper of the 
deflections of quarter bends is not without interest to practical 
engineers, 

Mr. McCutchan proposes to test the general flexibility of a 
pipe line simply by measuring the force required at the free end 
to produce a certain deflection. This seems to be a very valuable 
suggestion. Comparing the measured force with that obtained 
by computation, the engineer obtains at once, and at small cost 
and effort, an idea of the flexibility of the pipe line itself, of the 
degree of fixity at the other end, and of the accuracy of his cal- 
culations. 

Table 1 given by Mr. McCutchan shows a difference of less 
than 2'/, per cent between the values of the force reactions as 
obtained by the author in Table 2 of the paper and as obtained 
by the unabridged graphoanalytical method, both of which in- 
clude all the secondary terms. Considering the difference in 
procedure of the two methods by which these results are ob- 
tained, this agreement seems to give good reason for confidence 
in the correctness of both methods. Attention is drawn to the 
far more perfect agreement in the forces shown in Table 4 of 
Professor Marchant’s discussion. The fact that the approxi- 
mate methods, where the secondary terms are omitted, give as 
good results, simply confirms the main conclusion of the paper, 
that ordinarily these terms can be omitted; in fact in many 
cases their effects annul one another. 

The discrepancies discovered in the Mayrose tests® are of a 
different order, but may be due to the method of analysis. The 
large discrepancies, reported by Cope and Wert? in the case of 
the plain 10-in. quarter bend, may be due to imperfect fixity of 
the fixed end which was bolted to the top of a turbine casing. 
The author has made numerous tests with large bends and also 
has analyzed the tests made by Dr. Bantlin in Germany. He 
always found almost perfect agreement between the observed 
and theoretical deflections, but he avoided the uncertainty which 
enters when it is attempted to fix one or both ends, by always 
leaving the terminal flanges free to turn on knife-edges. 

The formulas that deal with bending in the plane of the bend 
are so well-established that there seems no reason to suspect them 
of anything but secondary errors. The formulas for bending of 
curved pipes out of their plane have not been tested sufficiently 
by experiments. The experimental setup used by Mr. Mayrose* 
was ingenious, and it is to be hoped that further work will be 
done along that line, but when discrepancies with theory occur, 
of such magnitude as reported by Mr. Mayrose, the results can- 
hot invalidate the formulas so long as we do not know what 
formulas have been used. 

Referring to Mr. de Jonge’s discussion of the author’s 1935 
paper,’ his priority in first presenting a solution of cases I to III 
was fully acknowledged in the author’s closure of that paper. 
The author gave the development of the formulas in detail for 
cases I to III by a simple straightforward method, familiar to all 
engineers, because they formed a logical introduction to the paper, 
and could be easily referred to by the readers. The solution for 
case IV, although not fundamental, was added, because of its 
special application, in view of the fact that moments about any 
arbitrary point, S, in the pipe line were expressed in terms of the 
reactions at O, although used for determining the deflections of 
A. The results in case IV differ, not only in sign from those of 
case I, but the displacement Az differs also in magnitude, the 
coefficient being —0.408 instead of +1.248. 
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The advantage of tabulating the calculations as proposed by 
Karelitz and Marchant" was fully acknowledged in the author’s 
discussion?® to their paper. 

The author cannot agree with Mr. de Jonge in his pessimistic 
view of our physical knowledge of the behavior of pipe bends. 
It cannot be admitted that there is « systematic error of im- 
portance in the calculations. His reference to Cope and Wert’s 
tests of one or two 10-in. plain pipes is not convincing. It must 
be borne in mind that the large discrepancies of more than 50 
per cent in theory and observations in these tests occurred in the 
secondary deflections only. Perhaps, as stated previously, the 
discrepancy may be due to the mechanical setup of the tests. 
More tests of this kind are required to clear up the problem of 
bends acted upon by forces and couples normal to their plane. 

Replying to Professor Marchant’s remarks, the object of Table 
1 in the paper is to exhibit clearly the relative values of the second- 
ary rotations and displacements, which form the subject matter 
of the paper, and also to facilitate the extraction of secondary 
terms from the complete Equations [14] to [19], when it is de- 
sired to omit them. 

The term exact, when applied to Equations [14] to [19], must 
of course be understood entirely in a relative sense, comparing 
these equations to what they become, when all secondary terms 
are omitted. 

In Table 2 of the paper the values tabulated as approximate, 
were not obtained from Equations [31} to [87] of the earlier 
paper,’ but from [14] to [19] of the present paper, by omission 
of all secondary terms. The comparison given in Table 2 is 
therefore entirely rational. The field covered by the com- 
parison is fairly complete as far as this special type of pipe line, 
two bends, and three tangents, is concerned, which represents a 
large class of cases occurring commonly in ships. The method 
by which these formulas are obtained indicates one way in 
which many other problems in three-dimensional pipe lines can 
be solved. The author is prepared to find that his method can 
be improved upon. 

In the verbal discussion of this paper at the meeting of the 
Society on Dec. 7, 1937, Professor Marchant presented values of 
the terminal moments, which apparently disagreed completely 
with the author’s moments, but he did not give the calculations 
which led to this result. Later the author discovered the cause of 
the discrepancy to be that Professor Marchant had compared 
his moments at the A end of the pipe with the author’s moments 
of the O end, and Professor Marchant was informed of this fact. 
In reality there was an almost perfect agreement between the 
reactions obtained from Professor Marchant’s Equations [1] to 
[6] and those obtained from the author’s Equations [20] to [25]. 
Yet, Professor Marchant states in his discussion that, ‘““The 
validity of Equations [31] to [37], together with those more 
general equations of the earlier paper,’ from which they are de- 
rived, is questionable. Thesame criticism applies to Equations 
[20] to [25], inclusive, of the present paper.”’ This seems 
strange since the reaction forces and moments obtained by these 
latter formulas differ from those obtained from his formulas by 
ess than 0.3 per cent. Such agreement should inspire great con- 
fidence in the results which were obtained in different ways, al- 
though by the same fundamental method. 

Another point, of more interest, is that while the coefficients 
in Professor Marchant’s Equations [1] to [6] show a perfect 
check in accordance with Maxwell’s reciprocal theorem, the 
author’s Equations [20] to [25] do not furnish any such check. 
This discrepancy is due to the difference in method by which the 
expressions for the moments M,, M,, and M, for any arbitrary 
point S in the pipe were formed. Instead of expressing these 
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moments in terms of the reactions at A, as done by Professor 
Marchant, the author preferred, for the sake of simplicity, to 
express them in terms of the reactions at O. For instance, M, 
by the former method would be 


M, = Mg, + Q(T —z) —N(H—»y)........ [25] 


but by the latter method, as given in Equation [18] of the earlier 
paper,’ it becomes 


M, = Mo, + Q2—Ny.............. [26] 


These expressions are equal in magnitude, but of opposite sign, 
and the latter, being simpler, was used in the author’s solution, 
as fully explained in the 1935 paper.?. With this transformation, 
the Maxwell checks are not obtained, and it is freely admitted 
that in this respect the method described by Karelitz and Mar- 
chant!‘ has a distinct advantage, although perhaps the procedure 
may be somewhat more lengthy. It must be understood that 
the same transformation may be applied readily in the author’s 
paper,’ whereby the identical Equations [1] to [6] of the dis- 
cussion, and the Maxwell checks would be obtained. 

Most of the comments in Professor Van den Broek’s discussion 
are based on misconceptions, caused probably by his unfamili- 
arity with the subject. 

Evidently Professor Van ‘den Broek is under the misconception 
that the factor K is introduced in order to compensate for the 
change in the moment of inertia of the pipe section, caused by 
flattening, but actually this effect is negligible. In a certain 6- 
in. pipe bend, the reduction in moment of inertia was only 1'/3 
per cent at the elastic limit, but K was equal to 2.1 so that the 
deflections were more than doubled. In fact the increased 
flexibility is due almost entirely to a change in the stress dis- 
tribution, which, instead of being linear over the cross section, is 
such that the extreme fibers are in many cases almost free of 
stress. This is fully explained in several papers by the author,* 
and was first discovered by von Ka4rm4n. The approximate con- 
stancy of K is confirmed both theoretically and by numerous 
full-scale tests. 

The author cannot agree that the term 0.506 R? in Equation 
[15] should have negative sign; this term results from Equations 
[6] and [7] of the paper! and is positive. 

The disagreement, which Professor Van den Broek finds be- 
tween his own formulas and those of Equations [17] to [19] for 
the displacements, is due to a misconception of the method by 
which the moments were obtained as explained in the author’s 
reply to Professor Marchant. Consider the factor of Q in 
Equation [19]. It is seen from Equation [26! of this closure, 
that 

M, = Mo, + Qz—Ny 


but since z is zero except for the second bend E-F and the straight 
part F-A, and since Q cannot in these parts produce Z-deflection 
of A, Q will disappear from Equation [19] for Az. On the other 
hand, if *f, is expressed by Equation [25], in terms of the re- 
actions of A, as done by Marchant and Van den Broek, Q must 
enter. The discrepancy in the coefficient for F is due to the same 
cause. This, it is believed will clear up completely this difficulty 
of the discusser. 

The discussion is somewhat confused by a promiscuous change 
of symbols. Thus P of the paper is changed into F, and the 
moments caused by F are called M, and T,. Presumably these 
notations are carried over from the discusser’s book.'® 

The author has checked the factors for Q and F, given by Pro- 
fessor Van den Broek, by substituting numerical values, and 
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finds that they agree with the corresponding coefficients in 
Equation [6] of Professor Marchant’s discussion, indicating that 
probably the energy method, if applied to the numerical ex- 
ample, would give the same final results as those obtained by 
Professor Marchant and the author. 

It is, of course, well known to piping engineers that a force 
F acting at A gives a displacement at A, which differs from the 
displacement which the same force, acting at O, would produce 
at O.*° This is due first, to the unsymmetry of the pipe and 
second, to its varying stiffness, the bends being more flexible 
than the tangents. The case is analogous to that of a dog being 
wagged by the tail, instead of the tail being wagged by the dog. It 
must be understood, however, that in the author’s solution no 
such change was made; the displacements were throughout 
determined for A, assuming O to be fixed, just as in Marchant’s 
and Van den Broek’s equations, but the moment at any ar- 
bitrary point was expressed, as explained above, in terms of the 
reactions at O as a matter of convenience. Clearly, this does 
not affect the displacements at A, but the method is applicable 
only when both ends of the pipe are fixed. 

The author is indebted to the discussers for drawing his at- 
tention to the following misprints in the paper: 


Page 647, Equation [4]: 

Page 647, Equation [5]: 

Page 648, Table 1, Case I: 
of —FR siny 

Page 648, Table 1, Case I: The coefficient for Az,, due to M, 
should be — 0.041 instead of +0.041 

Page 648, Table 1, Case I: The total for Ay, should be —1.150 
instead of — 0.150 

Page 649, Equation [16]: 
read: 


Replace sin ¥? by sin? ¥ 
Replace sin by sin? 
M, should equal —FR cos y instead 


The last part of the equation should 


—(2.956 R? + 0.571 KR? + 2.806 RL, 
+'/, + 1.30 L L,) Q—0.150 RHN = 0 
Page 649, Equation [21]: Replace +18,877 P by +18,877. 


CONCLUDING REMARKS 


When the author in his 1935 paper’ presented an algebraic 
solution of the three-dimensional pipe bend, Crocker had already 
brought out his graphoanalytical method, which was really 
based on the same fundamental principle of elastic deflections. 
Thus, there was nothing new in the solution, but it is believed 
that it was the first presentation of a purely algebraic treatment, 
and it was illustrated by a numerical example, derived from 
practical engineering, representing an important class of three- 
dimensional pipe lines. The paper was intended as the first 
step in a development of solutions, suitable for practical en- 
gineering, and was by no meA&ns claimed to be in final shape for 
practical application. 

It is a satisfaction to the author that on this basis’ already 
two methods have been developed for practical service, one by 
H. C. E. Meyer,** the other by Karelitz and Marchant," and the 
first of these has already been applied to a number of high-power 
high-pressure plants. The energy method, indicated by Van den 
Broek, is based on a different principle, but it is impossible to 
judge of its value to the practical engineer, until it is more fully 
described and illustrated by application, algebraically and 
numerically, to a concrete case. If the energy method were 
applied to the sample problem in Fig. 1 of the paper,? it would 
no doubt give the same results as obtained by Professor Mar- 
chant and the author, and it would then be possible to make & 


25 “Deformation of Plane Pipes,” by W. Hovgaard, M.I.T. Journal 
of Mathematics and Physics, vol. 7, no. 3, October, 1928, p. 208. 
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DISCUSSION 


comparison and see which method is best suited for practical 


purposes. 

The algebraic method is straightforward, and the only point 
which needs to be cleared up is the behavior of curved pipes 
when subject to forces and couples acting normal to their plane. 
The theoretical treatment of this problem is given in cases I to 
IV of the author’s 1935 paper’ and is well-established as far as 
it goes, but the few tests which have been made so far on this 
problem do not seem to check with the formulas. It is desirable 
that more complete tests be made, and it would be especially 
interesting to investigate the case where a bend is subject simul- 
taneously to bending in its own plane and normal to it, in order 
to see how far the principle of superposition can be applied in 
that case. It is believed that the setup devised by Mr. May- 
rose’ is suitable for this purpose with a few modifications. 


Hydraulic Phenomena in Fuel-Injec- 
tion Systems for Diesel Engines' 


I’. Sass.?. The graphical method applied by the author to the 
group of problems covered in the paper is far more lucid and more 
readily applicable than the analytical methods used heretofore. 
Some years ago the efforts of several prominent investigators 
led to the graphical solution of the problems of balancing of 
reciprocating engines and of their torsional vibrations, which re- 
sulted in a clearer understanding of these important phenomena 
and in great benefit for correct engine design. It appears to the 
writer that similar beneficial results can be expected from the 
author’s studies in the field of fuel-injection systems. The 
accuracy of the graphical method appears to be fully satisfactory 
for practical purposes, and it is quite probable that this method 
will greatly restrict if not wholly supplant the more laborious 
and less clear analytical computations. 


P. G. Burman.* The author’s adaptation of the graphical 
method to the analysis of fuel-injection problems is a very useful 
contribution to the field of Diesel engineering. For a long time 
the designing engineer felt the need for some simple method for 
determining the correct combination of elements and variables 
in order to obtain the desired result. Mathematical analyses are 
too complicated and tedious for a busy engineer, and instead of 
using these analyses the designer relied on his past experience or 
used trial-and-error methods. This latter is, of course, the surest 
way, but it is also the most expensive and can be applied only to 
devices already built. 

The several papers of the author cleared up much of this 
confusion. It is especially illuminating to follow the analysis 
of changes in the several components of the injection system, 
as even a qualitative evaluation of the influences often saves one 
from making a mistake. The writer recalls an experience in 
which a larger-diameter injection pipe was tried in order to obtain 
a sharper cutoff. The diagrams of the author clearly show that 
this effect is to be achieved by decreasing the pipe diameter. 

It would be desirable to check the graphical method by means 
of actual indicator cards obtained ‘with a piezoelectric pressure 
indicator capable of recording very rapid pressure changes. 


J. C. Grorr.* This paper should bring home the realization 
of the importance of studying fuel-injection phenomena and of 


_' Published as paper HYD-59-9, by Kalman J. DeJuhasz, in the 
November, 1937, issue of the A.S.M.E. Transactions, vol. 59, pp. 
669-677. 
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designing an injection system of the proper characteristics. 
On this more than on any other factor depends the flexibility 
and satisfactory performance of the automotive Diesel. 

The principal object of injection is to impart the optimum 
atomizing velocity to the fuel spray. As it is pointed out in 
the paper, the velocity or rate of discharge from the nozzle is 
largely a function of plunger velocity, subject to superimposed 
variations due to oscillating pressure waves. The influence of 
the oscillation-promoting “swingers” is of particular interest 
since these are embodied in fuel injectors of the needle-valve 
type which are so extensively used. The magnitude of the valve 
lift plays an important part. The opening movement of the 
needle valve creates a volumetric increase in the system and 
during this increase the amount of oil supplied from the pump 
goes two ways. Part of it fills up the increasing volume of the 
system and the remainder is discharged through the nozzle into 
the engine cylinder. Consequently, the oil which is delivered 
initially and until the valve opening is completed does not receive 
the full velocity effect which it would without the presence of the 
aforesaid volumetric increase; thus, it is not so finely atomized 
and in small-cylinder engines it is liable to penetrate overly far 
and impinge on bounding surfaces of the combustion chamber 
either causing smoke or diluting the lubricating oil. In other 
words, until lifting or opening of the needle valve is completed 
the oil is injected at a rate which is substantially equivalent to 
that produced by the valve closing pressure instead of by the de- 
sired and somewhat greater injection pressure. 

Similarly, upon termination of fuel delivery from the pump, 
the fuel which is subsequently injected, according to the valve 
closing pressure and with subproper velocity, constitutes the 
cause for smoke, excessive exhaust temperature, overheating of 
the engine, and various other ailments that are sometimes blamed 
on other causes. This latter portion of the fuel charge represents 
a volume equivalent to that displaced by seating movement of 
the needle valve plus that represented by decompressing the 
system volume from the prior injection pressure down to the 
valve closing pressure. At fractional loads, this volume is fre- 
quently a large percentage of the total volume of the fuel charge. 
As the engine speed increases, the effect is more pronounced be- 
cause the injection ends later and later speaking in terms of 
crank angle. 

Furthermore, the greater the allowable extent of valve lift, 
the greater is the final velocity of valve travel; therefore, the 
rate of its deceleration at the instants of completing valve-open- 
ing and valve-closing movements, respectively, is greater. Aside 
from the valve thus imparting undue impact blows to the valve- 
lift stop and to the valve seat, respectively, it must be remem- 
bered that such suddenly decelerating changes in system volume 
constitute a source for producing objectionable oscillating pres- 
sure waves as pointed out in the paper. If the extent of valve 
lift were large, it would become possible for the valve to vibrate 
with an amplitude which would permit a frequency of vibration 
that would synchronize with the frequency of any oscillating 
waves otherwise present in the system. Under such conditions, 
the pressure waves may be greatly amplified to cause chattering 
injection as the author has pointed out. 

It does not seem to be appreciated generally that, as the extent 
of valve lift more closely approaches zero travel, the velocity of 
valve-seating movement also approaches zero. This is but an- 
other way of saying that as the extent of valve lift is decreased 
the tendency to “bounce” or “chatter” is also desirably decreased. 

Accordingly, it would seem desirable, particularly for small 
high-speed engines, that the extent of valve lift be restricted to 
be as small as possible, i.e., about 0.010 in. maximum and prefer- 
ably smaller depending upon the viscosity of the fuel oil being 
used. 
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At this point it seems opportune to state that the engine-de- 
signer’s principal objective should be to obtain the utmost 
efficiency of injection and over-all engine performance (including 
flexibility), and that these objectives should not be sacrificed 
simply to make possible the utilization of questionable “low” 
fuel-injection pressures. 

It might be asked: “Why go to smaller valve lifts and higher 
fuel-injection pressures?” 

The answer would seem to be obvious: “To insure that fuel 
injection will cease substantially at the instant of injection-pump 
cutoff instead of tapering off gradually and to insure that the 
valve closing pressure will be sufficiently high to properly atomize 
the initial and final portions of the fuel charge.” Under such 
conditions we would have, in effect, the desirable ideal of the 
valve closing pressure being equal to that required for proper 
atomization even though it were not ideally equal to the valve 
opening pressure. 


L. C. Licuty.® The irregular cycle-to-cycle operation of the 
C.F.R. compression-ignition engine at Mason Laboratory led to 
a study of the hydraulic phenomena in the fuel-injection system 
according to the method outlined by the author. This system 
consists of a single-cylinder Bosch jerk pump, a !/j-in. line 30 
in. long and a Bosch DN30 S38 pintle-type nozzle. 

The pump plunger has a variable velocity so that the velocity 
of the fluid at the pump end of the line was varying throughout 
the injection period. As shown in Fig. 1 of this discussion, the 
nozzle characteristics are such that the nozzle efflux curve at 
wide-open conditions is much higher than fluid velocities at the 
pump end of the line, somewhat similar to that of Fig. 15 of 
the paper. 

The nozzle opening and closing pressures are 1500 and 1085 
lb per sq in., respectively, and a retracting type of pump de- 
livery valve is provided to maintain a residual line pressure of 
350 lb persqin. The first pressure wave sent out from the pump 
amounts to about 970 lb per sq in. as shown in Fig. 1 of this 
discussion, which is not sufficient to open the nozzle. However, 
upon reflection of the wave from the nozzle end of the pump the 
pressure rises to 1600 lb per sq in., at A’ in Fig. 1 of this discussion 
and, according to the method, the valve is assumed to open 
to an equilibrium position indicated by A on the nozzle efflux 
line. 

At the end of the first time interval, the pressure at the pump end 
has risen to 1’, and when this effect is reflected at the nozzle, the 
valve will have moved in position as indicated by A to B. The 
valve position is indicated at later time intervals at positions 
C, D, E, F, G, and H. The pressure-time plots of the system at 
the nozzle and pump are shown in the left side of Fig. 1 of this 
discussion by the heavy solid lines and dashed lines, respec- 
tively. 

Actually, the valve will not open instantaneously and the first 
pressure wave may be assumed to start back to the pump un- 
affected by nozzle efflux as indicated by point A’. This indicates 
the nozzle plunger would assume positions in the order indicated 
by B, C’, D, E’, F, G’, and H which tends to set up a vibratory 
motion for the plunger. The effect on pressure at the nozzle and 
pump ends of the line is shown at the left of Fig. 1 by the light 
solid and dashed lines, respectively. Obviously, the nozzle 
plunger has a tendency to close during the period of injection as 
well as to have a vibratory motion. 

Stroboscopic study at the Bosch plant of the spray from this 
injection system operating under the same conditions [1500 lb per 
sq in. V.O.P. (valve opening pressure) | as used in the analysis dis- 
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closed a “very erratic’ spray. Lowering the valve opening 
pressure to 1150 lb per sq in. did not change the spray characteris- 
tics very appreciably. However, raising the opening pressure to 
1850 lb per sq in. resulted in two separate discharges. Inspection 
of the graphical analysis indicates that increasing the injection 
pressure would result in the nozzle pressure being below closing 
pressure for a longer period of time and thus permit the valve to 
close during the injection period. 
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SHOWING CHARACTERISTICS OF A Boscu DN30 S83 PINTLE- 
Type Nozze 


Fig. 1 


Photographic records of the combustion process in the engine 
with the same injection system obtained with a cathode-ray 
oscillograph in an oil-company’s laboratory, indicated alternate 
small and large quantities of fuel injected with the injection 
system under standard conditions. A spring-loaded contactor 
which restricts the opening of the nozzle for a given pressure 
eliminated the cycle to the cycle variations noted. 

The fact that the foregoing analysis applied to a given injec- 
tion system indicates very nearly what was obtained, leads one to 
have considerable confidence in the method advanced by the 
author. 


AvUTHOR’s CLOSURE 


It is gratifying to note the interest in the subject of this paper 
as evidenced by the discussions and constructive comments of 
the several discussers who are active in the theory and practice 
of fuel injection. 

Every theory, whether using cbmputational or graphical analy- 
sis, is based on simplifying assumptions and therefore can 
supply only approximate results, or rather only a skeletonwork 
upon which the experimental results can be fitted in a systematic, 
coordinated manner. From this point of view Professor Lichty’s 
comparison of the graphical analysis with the experimental re- 
sults is of special interest. The fact that the two show substan- 
tial agreement is evidence that the approximations underlying 
the graphical analysis are admissible. The author is well aware 
that a further collection of experimental data, and their collation 
with the results of graphical analysis are highly desirable and will 
increase the usefulness of the latter. At the Engineering Ex- 
periment Station of The Pennsylvania State College an extended 
research in fuel injection is under way and the author looks for- 
ward with expectation to the cooperation and exchange of in- 
formation between the several academic and industrial labora- 
tories whose interest lies in, or touches, this field. 
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Running-In Characteristics of Some 
White-Metal Journal Bearings’ 


G. L. Neety.? The writer has made a careful study of the 
data presented by the authors, and has replotted them in a new 
manner which will perhaps add somewhat to their clarity. Fig. 
1 of this discussion shows the ZN /P value at the point of mini- 
mum friction plotted against the running-in time. The smooth- 
ness of the curves is noteworthy since it illustrates the high degree 
of accuracy of these data. It is also significant that the high- 
lead and high-tin babbitts were almost completely run-in after 
| | 


2% AT CRITICAL POINT 


8 


TIME OF RUNNING-IN, MINUTES 


Fic.1 Errecr or RunninG-IN Time on ZN/P Vauves at Critica 


Points 


200 min, while the bearing of hardened lead was still in the 
breaking-in process after 900 min of operation. The fact that 
the high-lead babbitt and the high-tin babbitt were almost identi- 
cal is considered a very important finding since it was previously 
thought that the high-tin babbitt was much better in this respect. 


J. P. Srewart.* The writer has been interested for some time 
in experiments conducted for measuring bearing friction, and has 
observed that no two experimenters have arrived at the same 
conclusions. In 1931, the writer conducted some experiments in 
this field, and believes that some of his observations may be of 
interest even at the risk of adding further confusion. 

The writer’s experiments were conducted with the so-called 
General Motors E.P. lubricant-testing machine, which is now 
practically defunct. This apparatus consists of a bxth in which 
a l-in. pin is rotated in three 360-deg bushings spaced closely 
together. The pin is positioned by two outer bushings, while the 
load is applied to the center bushing through a lever arm and 
weights. In order to maintain theoretically uniform bearing 
pressures, the outer bushings were undercut to half the width of 
the center bushings; previous work would seem to indicate that 
the L/D ratio is not a major factor to the left of the minimum 
point of the ZN/P curve. Frictional torque was measured by 
the small dynamometer driving the pin. 

The writer believes that much of the novelty of the data ob- 
tained results from the manner of loading. Instead of operating 
at a definite fixed load until a final run-in condition is reached, 
the load was changed in fixed steps back and forth through the 
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load range on a well-defined cycle. The bearing temperature 
rather quickly adapted itself to each load and, of course, re- 
sponded to the gradual increase in temperature of the oil and 
apparatus as a whole. Frictional-torque and bearing-tempera- 
ture readings were made for each individual loading. The speed 
was maintained constant throughout each test. The data so ob- 
tained were plotted, each load giving a distinct curve. A rep- 
resentative group of curves is shown in Fig. 2 of this discussion. 

This method of loading would seem to bave certain inherent 
advantages from a practical viewpoint. The constantly chang- 
ing bearing loads should simulate most closely the conditions 
under which the usual commercial bearing works; for example, 
the roll-neck bearings which “wear out” rather than “wear in.’’ 
That the method of loading markedly affects the degree of run-in 
is indicated by Table 1. With variable loading the frictional 
torque remained substantially constant and well within the ca- 


TABLE 1 TIME VERSUS FRICTIONAL- phe! ae VARIATION 


WITH TWO TYPES OF LOADING 


Bearing load, lb per sqin............ 2: 500 
Uniform load for 1 hr: 

Bearing temperature range, F.. 8$1.0-83.0 

Friction torque, lb-in. . 8.2-— 3.9 
Changing load for 1 hr: 

Bearing temperature range, F....... 84. 


84.0-86.0 
Friction torque, |b-in 


34.8-35.2 


@ Babbitt bearing metal used. 


Mineral oil of 221 see Saybolt Universal 
viscosity at 100 F used. 


100RPM 


4/000 /b | 

x-2000 

0-3000 

©4000 

75000 
bronze Bushing 
Sf tee 


Scale,ib 


> 
a 


Average Bearing Temp,F 


REPRESENTATIVE EXPERIMENTAL GRAPHICALLY 
TABULATED 


(A) 


ZN_ 

Stee/on 


 1000- 50001 (oper sq in. 
bronze 


Stee! on Bronze 


000- 5000 leper sq in: 

Steel on Bronze 

'2-/000/b per sq in 
3000 


100 
ZN ZNVP_ 
10 


CoEFFICIENT OF FrRicTION VERSUS SoME FUNCTIONS OF 
Z, N, anp P. GRapHICAL PRESENTATION OF AVERAGE Data GIVEN 


tn TaBLE 2. (A) f Versus ZN/P, (B) f Versus ZN/VP, (C) f 
Versus ZN. anv (D) f Versus ZN/VP 
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TABLE 2 COEFFICIENT OF FRICTION VERSUS SOME FUNCTIONS OF Z, N, AND P@ 


ig 3 

load, | 

per sq in. 
5000 


Coefficient of friction——-— 


Tempera- 
2 Runi6 Runl7 Average ZN/P 


ture, F 


coco 
coos 
coco 


* Bronze bearing used. Mineral oil of 94 8.U.V. at 210 F used. 


pacity of the torque-measuring equipment used. With continu- 
ous loading the frictional torque fell well below that figure, in- 
deed it became so small as to be below the capabilities of the 
equipment. Unfortunately, we do not have data of a similar 
nature on materials other than babbitt; but it seems plausible 
that the physical characteristics of the bearing material must 
have some effect upon the spread between the final run-in torques 
under the two types of loading. Should this be the case, a differ- 
ent practical evaluation of bearing materials from the run-in 
standpoint might result. 

The authors have pointed out that their work in the past has 
indicated a better correlation between f and ZN/1/P than the 
more usual factor of ZN /P. 

In the writer’s work, at the left of the minimum point and under 
relatively high bearing loads, a relationship was obtained which 
differed even more from the classic ZN/P factor. We also dis- 
covered the +/P, but we found it in the numerator instead of 
in the denominator. Table 2 and Fig. 3 show average data from 
three distinct runs on bronze bearings using the same iubricant— 
a straight mineral oil with a Saybolt Universal viscosity of 94 sec 
at 210 F. It is obvious that the data are best satisfied by the 
relationship ZN+/P. That this is not an accidental relationship 
would seem to be indicated by the fact that all three runs showed 
the same general characteristic; and these three runs were se- 
lected at random from a number of similar runs. 

In presenting these data the writer would like to emphasize 
that they are taken in a range well to the left of the minimum 
point and under quite high bearing loads. Also, that they were 
obtained under conditions of constantly changing loadings. 
Further, that the data are not presented as a final relationship to 
cover all conditions of operation; rather as a few observations 
picked up in a more or less inadvertent foray in this as yet not 
too-well explored field. 


AvutHors’ CLOSURE 


In using the frictional work versus ZN /P at minimum f curves 
for indicating the comparative running-in characteristics of the 
bearings, the authors realized that such curves were not neces- 
sarily a true criterion. It is felt, however, that they might be 
preferable to the time versus ZN/P at minimum f curves sug- 
gested by Mr. Neely in that they tend to correlate to some de- 
gree at least, the possible effects of different operating conditions 
upon improvement in the bearing. For example, it might be 
expected that within certain limits in the thin-film or unstable 
region the time rate of improvement of a bearing would be 
greater when operating at high load and speed than it would be 
at a condition of low load and speed. 

The difference between the data presented by Mr. Stewart 
where f was a function of ZN+/P and the work referred to by 
the authors where f was a function of ZN/+/P is of considerable 
interest. In this connection it should be noted that in the 
authors’ work the loads were comparatively light, the maximum 
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pressure on the projected area being less 
than 200 lb per sq in., while the pressures 
were from 1000 to 5000 Ib per sq in. in Mr. 
Stewart’s tests. It is possible, therefore, 
that the differences may be due to change 
of viscosity with pressure. In both tests 
the viscosity at atmospheric pressure was 
used in plotting the data, and it might be 
expected that the change of viscosity 
with pressure would have a more marked 
effect upon bearing friction at the higher 
pressures. 


17,820 
27,400 
50,200 
109,600 


10,500 


28,900 
63,200 


Relation of Relef-Valve and Turbine 
Characteristics in the Determination 
of Water tlammer' 


EK. Hinron.? The author has demonstrated clearly the appli- 
cation of the graphical method of determining water hammer in 
hydraulic-turbine installations equipped with relief valves. 
The tests, conducted on the 29,000-hp turbine referred to by the 
author, offer an opportunity to check the theory. Therefore, 
the writer believes that some comment on the data and a few 
details of the installation will be of interest. 

1 Pressure-Rise Curves. In Fig. 9 of the paper, the experi- 
mental pressure rise is shown to be 5 per cent higher than the 
computed pressure rise. This difference is probably due to a 
number of causes, among which the following appear to be the 
most important: 

1 The speed-discharge characteristic, mentioned by the author, 
accounts for 1 per cent of the difference. 

2 The experimental pressure rise was measured with Bourdon- 
tube gages, which are commercial instruments and, although 
calibrated by a deadweight tester, these instruments could not 
be expected to give more than “commercial” accuracy. There- 
fore, some of the differénce may be attributed to this source. 
A piston-type gage would be conducive to greater accuracy, but 
probably not warranted for ordinary tests. 

3 The inertia forces required to deflect the water column from 
the turbine to the relief valve are probably small, but would have 
the effect of slightly increasing the pressure rise. 

4 The value of L used in the computations includes the length 
of the pipe from the forebay to the first guide vane of the turbine. 
By adding an increment of 25 to 30 ft, to include a part of the 
turbine casing, the value of L is increased by nearly 1 per cent. 
This would have the effect of increasing the pressure rise by 
small amount. 

In the installation under consideration, the neglect of friction 
in the computations slightly more than compensates for the 
secondary items previously mentioned. The comparison of the 
experimental and computed pressure rise is shown in Fig. 1 of 
this discussion. While an unqualified recommendation to ignore 
friction in the computations cannot be made, it would appear 
that in wood-stave-pipe installations the computation neglecting 
friction should be made. The reason for this is that in a wood- 
stave pipe the friction losses have a tendency to decrease as the 
age of the pipe increases. If the designer were to make two series 
of computations, considering and neglecting friction, respectively, 
he would then be able, with greater certainty, to use his discre- 
tion regarding the maximum pressure rise to be expected. 


1 Published as paper HYD-59-14, by E. B. Strowger, in the No- 
vember, 1937, issue of the A.S.M.E. Transactions, vol. 59, p. 701. 

2 International Power and Paper Company, of Newfoundland, 
Ltd., Deer Lake, Newfoundland. 
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2 Value of a in Wood-Stave Pipes. The experiments con- 
ducted to determine the value of a apply to the entire length of 
pipe. Since 75 per cent of the total length consists of wood-stave 
pipe, the computation of a must necessarily be affected to a major 
degree by the value determined for this section. The experi- 
mental value of a is also similarly affected; therefore, an oppor- 
tunity is afforded for checking the usually doubtful computation 
of ain a wood-stave pipe. 

Calculations of the maximum pressure rise using alternative 
values of a of 2300 and 3000 fps, respectively, give a difference of 
only 2 per cent, the latter value producing the lower pressure rise. 
Hence, in view of the fact that relatively large differences in the 
value of a give small differences in pressure rise, the calculated 
value of 2200 fps may be considered to agree closely with the 
experimental value of 2400 fps. 


Le omputed Pressure Fis 
(Friction Considered, 


Per Cent 
Ss 


=) 
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é 3 4 5 6 7 
Gate Opening at Servomotor, In. 


Fig. 1 Comparison oF CoMpuTeD AND EXPERIMENTAL PRESSURE 


Rises 


The calculated value of a for the wood-stave-pipe section was 
obtained by applying the formula’ 


where a,, = velocity of the pressure wave in the wood-stave pipe, 
fps; K = modulus of elasticity of water in compression = 
42,400,000 Ib per sq ft; D = diameter of the pipe, ft; #,, = 
modulus of elasticity of British Columbia fir = 60,000,000 lb per 
sq ft; 6 = thickness of the staves, ft; Z, = modulus of elasticity 
of the steel bands in tension = 4,230,000 lb per sq ft; and @ = 
total cross-sectional area of the steel bands, sq ft per linear ft of 
pipe. 

3 Speed Rise. The observations of the speed rise during the 
load-rejection tests offer an opportunity to compare the actual 
speed rise with the computed runaway speed as originally de- 
termined from the model-runner data. The following specific 
speed of the prototype is obtained from the formula 


N, = (RVP)/H/* 


where N, = specific speed; R = centrifugal speed : 
rpm; P = horsepower of runner = 29,000 hp; and H = net 
head = 247ft. Then N, = (214.3 /29,000) /247°/* = 37.3. 
The best value of ¢ = DR/(1836./H), where D = diameter of 
Mg prototype = 97.5 in.; R = 214.3 rpm; and H = 247 ft. 
hen 


_ 97.5 X 214.3 
1836 
_ The best speed of the model is (1836 @ ¥ H)/d, where @ = 0.724; 


‘Pipe Engineering,” The Little River Redwood Company 
of California, Crannell, Humbolt County, Calif., 1928, p. 41. 
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Fig. MercHANICALLY OPERATED RELIEF VALVE 


H = 1; andd = diameter of the model = 4lin. Therefore, the 
model runner speed is (1836 X 0.724./1)/41 = 32.44 rpm. 

The runaway speed of the model runner, by test, is 58 rpm; 
therefore the ratio of runaway speed to normal speed is 58/32.44 
= 1.79, or 79 per cent above normal. 

If the speed-rise curve of the tests as shown in Fig. 9 of the 
paper were extended to full-scale position (9.2 servo-motor stroke), 
the maximum speed rise of the prototype would be approximately 
77 per cent above normal. 

4 Salient Features of the Installation. Fig. 2 of this discussion 
shows the arrangement of the hydraulic turbine and the relief 
valve. It is seen that the relief valve is mechanically coupled to 
the turbine operating ring by the connecting rod K. 

Fig. 3 of this discussion shows some details of the relief valve. As 
the turbine gates open, the dashpot adjusts itself through the me- 
dium of the spring-loaded automatic valveG. When the turbine 
gates close quickly, owing to load rejection, the dashpot acts as a 
solid piece, except for a small increment of “slip,”’ caused by the 
slight flow of oil through the adjustable by-pass F. The lubricating 
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oil used in the dashpot has a viscosity of 350 to 400 sec Saybolt at 
100 F. The force exerted by the servomotor is sufficient to over- 
come the resistance offered by the closing piston B, thus permit- 
ting discharge disk A to move downward into an open position. 

The water, displaced by the downward movement of the clos- 
ing piston B, is discharged through gate valve D and thence 
through the 6-in. pipe and nozzle N. The position of nozzle N 
with respect to the discharge stream is important, because if 
placed in a plane normal to the direction of flow, the recovery of 
velocity head in the portion of the discharge stream impinging 
upon the nozzle outlet, may be sufficient to raise the pressure on 
the closing piston B. The result is that the closing movement 
of the turbine gates is retarded and unsteady. However, by 
deflecting the nozzle to a plane nearly parallel to the direction of 
the discharging stream, unobstructed flow from the closing cylin- 
der is obtained, and the turbine-gate closure becomes steady. 

As soon as the maximum opening is attained for any given 
load rejection, the relief valve immediately begins to close by 
means of the unbalanced pressure of the closing piston. This 
effect is produced by the fact that the closing piston is of larger 
diameter than the discharge disk. The rate of closure is con- 
trolled by the adjustable by-pass, the proper adjustment of 
which is determined by experiment. In the installation con- 
sidered, the by-pass is set to permit the relief valve to close in 
7?/. min from an opening of 10?/, in. 


AUTHOR’s CLOSURE 


The author is indebted to Mr. Hinton for confirming and ex- 
panding on the material presented in the paper on the determina- 
tion of water hammer on hydraulic turbines with relief valves. 
The three secondary influences mentioned by Mr. Hinton, in 
addition to the effect of the speed-discharge characteristic of the 
runner, i.e., the use of instruments of commercial accuracy, the 
effect of forces necessary to change the direction of flow from the 
turbine case to the relief valve, and the refinement in computing 
the total length of penstock readily account for the difference of 
about 5 per cent shown to exist between the experimental and 
calculated results of pressure rise. If it were highly desirable to 
show an exact agreement between the field tests and the cal- 
culations, then more accurate instruments and greater care with 
respect to these factors could be taken in making the computa- 
tions. 

The agreement established between the experimental value of 
wave velocity in the wood-stave pipe and the calculated value, 
using the ‘Little River Redwood”’ formula, helps to establish 
the accuracy of a formula which so far as the author knows has 
little experimental confirmation to date. 

The effect of friction is to lower the pressure rise and the sug- 
gestion to calculate the pressure rise, both with friction con- 
sidered and with friction neglected in order to obtain the possible 
limits, is appropriate on work where friction is of a sizeable magni- 
tude and where the designer needs to make allowance for changes 
in friction with age of pipe. 


Investigation of the Oxidation of 
Metals by High-Temperature 
Steam’ 


ADDENDUM TO PAPER 


Subsequent to the preparation of the paper,! a number of 
oxidation tests were run in order to fill in the missing data on the 


1 Published as paper RP-59-10, by A. A. Potter, H. L. Solberg, and 


G. A. Hawkins, in the November, 1937, issue of the A.S.M.E. Trans- 
actions, vol. 59, pp. 725-732. 
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effect of steam pressure and steam velocity on the oxidation of 
low-carbon steel. 

Table 5 is intended to replace Table 3 of the original paper 
and shows the effect of steam pressure upon the oxidation of low- 
carbon steel with steam at a constant temperature of 1100 F. 
The results indicate that the oxidation rate is independent of 
steam pressure. There is a possibility that high stresses due to 
high steam pressure or other causes may result in intercrystalline 
corrosion. This matter is now under investigation. However, 
steam pressure alone does not appear to be a factor in the rate of 
oxidation. 

In order to determine the effect of steam velocity, round bars 
of 18-8 stainless steel '/:, °/s, °/,, and 7/sin. diam and 34 in. long 
were centered in low-carbon-steel tubes, each 3 ft long and 1 in. 
ID. Each tube was operated at 1100 F with steam at 1200 lb 
per sq in. and a constant flow rate. Inasmuch as the reaction 
is a surface effect, the velocity of the molecules adjacent to the 
pipe wall and not the velocity in the center of the pipe is of im- 
portance. By confining the flow to an annular area, the same 


TABLE 5_ EFFECT OF STEAM PRESSURE UPON THE 
OXIDATION OF LOW-CARBON STEEL BY STEAM 


Steam pressure, 
lb per sq in., 


Scale formed in 36 hr, 
g per sq in. of 
internal tube surface 
0.0962 
. 1046 
OS815 
. 0807 
.0973 
1065 
1094 
0939 
1032 


Temperature, F ~ 


Test no, Steam Metal 


New tests. 


TABLE 6 EFFECT OF STEAM VELOCITY UPON THE 
OXIDATION OF LOW-CARBON STEEL BY STEAM 


Scale formed in 
36 hr, g per sqin. 
Diam of of internal tube 
core, in. surface 
0.0973 
0.1065 
0.1094 
0.0939 
0.0907 
0.0951 
0.0994 
0.0888 
0.0890 


Steam pressure, 


lb per sq in., ~—Temperature, 


Steam Metal 


@ New tests. 


conditions adjacent to the pipe wall are obtained as would be 
found by a large increase in flow rate in a tube without a core. 
The results, tabulated in Table 6, indicate that the rate of oxida- 
tion is not influenced appreciably by the velocity in the tube. 
If the points are plotted on Fig. 7 of the original paper with tube 
temperatures as abscissas, they will fall close to the curve. 
Such variations in results as appear in Table 6 are due to small 
variations in tube temperature which in turn greatly alter the 
oxidation rate at the temperatures used in these tests. 

An analysis of the results and experiences obtained up to the 
present time at Purdue University lead to the following tentative 
conclusions: 

1 Apparently all steels which are commercially available for 
high-pressure high-temperature service in power plants are sub- 
ject to a certain amount of oxidation by steam at temperatures 
above 1000 F. An exception to this may be a calorized tube 
which is.covered with a heavy layer of aluminum oxide in the 
manufacturing process, 

2 After a layer of oxidation products has been deposited on 
the metal, further attack is due to diffusion of the oxidizing agent 
and the parent metal through the layer of oxidation products. 

3 After a short period of service, probably less than 1 hr in 


wae 
: 
pas 10 400 1100 1097 
21 397 1098 1095 
gees 314 800 1099 1108 
34° 801 1107 1094 
18 1200 1099 1097 
19 1200 1105 1099 
280 1197 1100 1097 
354 1200 1097 1104 
33 1597 1102 1094 
say Test no. gage 
18 1200 1099 1097 
19 1200 1105 1099 
280 1197 1100 1097 
35¢ 1200 1097 1104 
26¢ 1199 1100 1098 
i 230 1132 1098 1095 
27¢ 1199 1097 1099 
1200 1100 1096 
362 1193 1099 1100 


the case of low-carbon steel, the rate of reaction is governed by 
the resistance of the layer of scale to diffusion of the oxidizing 
agent and the metal. 

4 Steam pressure alone has no influence on the rate of oxida- 
tion at pressures up to at least 1600 lb per sq in. 

5 Steam velocity has no influence on the rate of oxidation as 
long as erosion, resulting in the removal of the protective scale, 
is absent. 

6 Asteel suitable for service at extra-high steam temperatures 
should be one on which a thin, dense, tightly adherent scale is 
built up which will not crack or spall with rapid temperature 
changes or for other causes, and will offer maximum resistance to 
diffusion of the oxidizing agent and the parent metal. 


R. L. Witson.? The qualifications of steels for service at 
high steam temperatures are stated concisely in the third con- 
clusion under the subhead “Experiences With 18-8 and 25-20 
Superheater and Piping Material,’’ wherein the authors state: 
“It is probable that for extra high steam temperatures, alloy 
materials should be used which will react with the steam to pro- 
duce a thin, dense, tightly adherent oxide layer that offers maxi- 
mum resistance to the penetration of the oxidizing agent and 
will not crack or spall when subjected to rapid or extreme changes 
in temperature.” 

While the list of steels for the proposed tests is already long 
the writer would like to mention to the authors the attractive 
properties of the 5 per cent chromium 0.50 per cent molybdenum 
steels containing 1 to 2 per cent silicon. These steels are available 
commercially and ~possess oxidation resistance comparable to the 
18 per cent plain chromium, or 18 per cent chromium 8 per cent 
nickel stainless steels in dry scaling tests conducted in air at 
temperatures between 1200 and 1500 F. The scale formed is 
quite dense in texture, tightly adherent, and appears to resist 
the penetration of oxidizing agents. Steels of this composition 
exhibit a remarkably low expansion at high temperatures because 
in the first place they are pearlitic alloys, and secondly, the addi- 
tion of silicon to steels reduces their expansion. At 1100 F, for 
example, the regular 18-8 stainless alloy has shown an instantane- 
ous coefficient of linear expansion of 11.97 X 10~*, whereas the 
similar coefficient for a steel containing approximately 5 per 
cent chromium, 0.50 per cent molybdenum, and 1.50 per cent 
silicon was only 8.99 X 10°*. The corresponding mean coef- 
ficients of linear expansion between 32 and 1100 F for these 
two metals are 10.35 X 10~* and 7.38 X 10~*, respectively. 

Even though there is but slight differential contraction be- 
tween oxide layer and steel on cooling from a high temperature, 
it would seem beneficial in applications of this kind to have the 
smallest possible changes in expansion or contraction during the 
customary temperature fluctuations of the metals in service. 


J. C. Hoper.? In the reaction between steels and high- 
temperature steam there are two end products, hydrogen and iron 
oxide, or scale, formed; and the rate of the reaction may be deter- 
mined by the quantity of either end product formed. The 
determination of the reaction rate by the amount of hydrogen 
formed has the advantage of leaving the metal specimen un- 
affected and suitable for further testing, if desired. The pre- 
liminary tests indicated that hydrogen was being evolved from 
sources extraneous to the actual reaction between steam and 
metal surface and a tremendous amount of careful and pains- 
taking work was therefore consumed without producing data 
of significant value. This could not be avoided, since the ex- 
traneous hydrogen could hardly have been predicted. 

The rate of formation of the second end product, namely, iron 


* Climax Molybdenum Company, Canton, Ohio. 
‘ Babeock & Wilcox Company, Barberton, Ohio. 


DISCUSSION 


611 


oxide or scale, was then used as the basis of the reaction rate, but 
unfortunately the work on this basis has not progressed suf- 
ficiently to warrant final conclusions. The paper under discus- 
sion can, therefore, be looked upon as a progress report in which 
various methods of testing the reaction rate have been investi- 
gated and a particular method selected as satisfactory. 

The selection of the actual rate of scale formation on the steel 
surfaces as a measure of the reaction rate is a logical one, since 
we are primarily interested in the effect on the metal, that is, 
possibility of early failure of the metal part by excessive scaling 
rather than any minor changes of the steam composition, which, 
after all, are of no practical significance. With scaling as a basis, 
we also enter a field in which metallurgical research has been 
extensive and fruitful. The mechanism of the scaling of iron, 
steel, and other metals by various oxidizing agents through a 
wide range of temperature is fairly well understood, and in the 
case of steel in contact with air and oxygen the reaction rate has 
been reduced to an approximate mathematical certainty. The 
reaction rate between steel and steam should be at least parallel 
to the reaction between metal and air or oxygen, and some ob- 
servations on the scaling of metal by these gases are directly ap- 
plicable to the problem. 

For dense metals, such as steels, the volume of the oxide formed 
is greater than that of the metal, so that when an oxide film is 
formed on the metal it is nonporous, and being in a state of com- 
pression from the volume expansion, further resists diffusion of 
the oxygen to the underlying metal. It has been shown that the 
oxidation rate follows a parabolic equation Y? = 2K.t — K. 
The rate of oxidation, therefore, falls off with time and increasing 
protection is thus obtained. 

Some deviation may be expected from this mathematical ex- 
pression of the oxidation rate for a number of reasons, the chief 
of which is the tendency to cracking of the oxide film. Cracking 
and peeling of the oxide scale may be produced by alternate 
heating and cooling. Tendency to cracking will be greater as 
the scale becomes thicker. 

A number of oxides of iron may be formed from Fe,0; to FeO, 
ranging between 70 and 78 per cent iron. The microstructures 
of scale have been studied and three layers are generally found— 
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STEEL IN OxYGEN 
(From Great Britain Scientific and Industrial Research Department—-See 
sire suggested as being due to the presence of some hydrogen, so that 
alternate oxidation and reduction occur. 

The Great Britain Scientific and Industrial Research Depart- 
ment published in 1935 an excellent review of oxidation and 
scaling of heated solid metals,‘ from which the writer’s remarks 
have been largely drawn. In Figs. 1, 2, and 3, and in Table | 
of this discussion, are presented the oxidation rates of iron and 
mild steel, as obtained by reducing the values of various investi- 
gations to a common basis, assuming a parabolic law. The 
similarity of these figures to Fig. 7 of the paper should be 


a thin layer of ferric oxide, followed by a rather thick layer of 
magnetite occurring on the outside, the inner layer being an 
iron rich solid solution of FeO in iron. 

The presence of alloying elements in the steel may aid in slow- 
ing up the oxidation rate by changing the chemistry and form 
of the scales, offering greater resistance to diffusion of the oxygen 
through the scale. 

Some investigations of the scaling of steel by steam have also 
been made at very high temperatures, about 900 to 1000 C. 
The rate of attack * those tompe catenes % considerably greater ‘Review of Oxidation and Scaling of Heated Solid Metals,” 
for steam than for air. This has been considered as due to @ Great Britain Scientific and Industrial Research Department, H. M 
more porous oxide formed by steam. The porosity has been Stationery Office, London, England, 1935. 


TABLE 1 RATE OF OXIDATION OF IRON AND STEEL IN AIR AT VARIOUS TEMPERATURES 
Thousandths of an Inch per Hour. 


Heindl 
Tem- a Jominy & | Hatfield Utida & Seite — yes Dickenson | Pilling & Calcu- 
perature! 1507 Murphy |0-17% C. Piano | Commer- | 0-2°, | C. | Bedworth | Mean| lated Value 
C, stecl Iron wire | cially pure Steel Steel Ingot iron 
(1) (2) 
550 0-05 0-08 0-07 | 0-07 | 0-04 
600 (0-05 014 0-05 0:08 | 0-13 
650 | 0-05 0-25 O12 0-14] 0-22 | 0-18 
700 | 0-08 0-37 0-68 px) 0-34] 0-37 | 0-34 
750 0-09 0-87 1-14 0-65 | 0-60 | 0-59 
800 | 0-15 T38 | 0-59 | 0-61 T-30 0-37 1:55 | 0-99] 0-96 | 0-99 
850 | 0-50 1-56 031 2-54 T-40 2-30 1:47] 1-50 | 1-56 
900 1-66 75 | 2-55 T05 532 2-27! 2-30 | 2-39 
950 4-20 2:95 | Dea | 3s 4-88 4-03 3-10 4:64 3-62] 3-47 | 3-52 
1000 | 6-26 Tie | | 50 | 5-28] 5-13 | 5-02 
1050 | 4-64 5:00 | 5-97 | 4-60 8-40 7:80 6-07 | 7-51 | 6-99 
5-05 10-45 7-01 | 10-80 | 9-49 
7 -80 7-38 | 15-33 |12-62 
1200 | 8-60 6-5 12-35 9-12] 21-5 |16-44 
1250 | 10-8 7-8 9-3 | 29-9 21-07 
1300 10-0 


(1) k = 1-664 T? x 10-3), 

(2) Log k =.4-4944 — 4829/T where T is the absolute temperature. 

(3) The values underlined thus 0-08 are interpolated; many of the results of Upthegrove have also been interpolated, as his 
experiments were made at Fahrenheit temperatures. 
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TABLE 2 COMPARISON OF THE AUTHORS' AND WRITER'S 
CORROSION VALUES FOR DIFFERENT STEELS 


: Corrosion, in. 
Corrosion, in. penetration per penetration 
ear from Potter, Solberg and iw yr from 
awkins’ tests at steam tem- . & W. air 


peratures of. tests at 
Steel 1100 1100-1200 Fb« 1200 Fa 
Carbon steel................ 0.033 0.156 
Carbon-molybdenum steel.... 0.025 0.141 0.197 
Timken (DM) ateel.......... 0.022 0.101 0.057 
BSilicon-molybdenum steel... . 0.021 0.102 0.069 
4 0.021 0.097 0.073 


® 336-hr test. 

504-hr test. 

¢ Temperature alternated. 
4 1000-hr test. 


noted. The linear relation between log & (logarithm of the oxi- 
dation constant) and log 7 (logarithm of the absolute tempera- 
ture) is indicated in Fig. 3 of this discussion, the relationship 
being expressed by the formula k = 1.664 7-8? X 10-*°. These 
observations are presented to show that a large amount of infor- 
mation is available in the metallurgical literature which may be of 
assistance to the authors in the present investigation. 

The boiler manufacturer has generally recognized the possi- 
bility of excessive scaling of boiler parts by high-temperature 
steam and has attempted to provide steels resistant to the 
reaction. 

In Table 2 of this discussion the steam oxidation rates of the 
authors have been calculated as inch penetration per year and 
compared with oxidation rates by air on steels of similar analyses 
at a higher temperature (1200 F). The relative resistance of 
the various steels to scaling is approximately the same for either 
steam orair. Differences in the actual oxidation rates must neces- 
sarily exist, due to variations in temperature, scaling agent, and 
time. In all cases the oxidation rates are too high to indicate 
satisfactory service at these temperatures. All materials tested 
are too reactive at these temperatures and in boiler design their 
limiting temperature is somewhat lower than 1100 F. 

The authors’ conclusion that steam at 1200 Ib and 1100 F will 
attack 18-8 and 25-20 stainless steels with the evolution of hydro- 
gen and the formation of a black layer of oxide does not agree 
with oxidation tests on these materials with both air and steam 
at similar temperatures made in the laboratory of the company 
with which the writer is employed. The rapid attack on these 
stainless steels in the authors’ paper does not coincide with actual 
service performance of 18-8 in a number of installations. 

Further test data from the continued investigations of the 
authors will be welcomed by the steam-power-generating industry. 


C. W. Comstock.’ The authors have designed and con- 
structed an elaborate and, probably, costly apparatus for the pur- 
pose indicated by the title of the paper. The conditions of large- 
scale operation were fairly well reproduced in the laboratory, but 
the method by which they expected to obtain a measure of oxida- 
tion of the iron, viz., by determination of the hydrogen in the 
steam-gas mixture discharged from the apparatus, was fore- 
doomed to failure. In order that it should succeed it would 
be necessary (1) that there be ne source of hydrogen other 
than the reaction in question, and (2) that all the hydrogen so 
generated should pass through the system to the collecting ves- 
sels. In the light of widely known facts, there was no reason to 
expect that either of these conditions, especially the second, could 
be realized in the equipment used. 

That hydrogen will pass readily through iron or steel® at high 


*Consulting Engineer, Jackson Heights, L. I., N.Y. Mem. 
A.S.M.E. 


* “Sur la perméabilité du fer pour l'hydrogéne & la température 
ordinaire,” by M. L. Cailletet, Comptes Rendus, vol. 66, 1868, p. 847. 
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temperatures has long been known. Even at ordinary tempera- 
tures iron is easily permeable to nascent, i.e., atomic hydrogen. 
Cailletet states: 

“The scholarly researches of MM. H. Sainte-Claire Deville and 
Troost on the passage of gases through homogeneous solid bodies 
have demonstrated that iron and some other metals carried to a 
high temperature permit hydrogen to pass through them. 

“T have noticed recently that this singular permeability of iron 
exists even at the ordinary temperature, and I have determined, 
in a series of experiments which I have the honor to communicate 
to the Academy, the conditions under which this occurs.” 

His method of experiment was to attack the outside of an iron 
vessel with sulphuric acid, and to collect hydrogen from the in- 
side. After detailing his methods, he states further: 

“On plunging the free extremity of the gas tube into mercury 
the flow of gas did not cease, and I have noticed in one experi- 
ment that a pressure of 350 mm of mercury did not stop the pas- 
sage of the hydrogen through the walls of the apparatus.” 

Reynolds’ reported in 1874 on the embrittlement of iron wire 
which had been pickled in sulphuric acid. Not having heard of 
Cailletet’s work* he devised an experiment of his own which 
proved to be almost identical with those of the Frenchman, and 
gave similar results. He used wrought-iron gas pipe and found 
not only that nascent hydrogen passed readily through the pipe 
wall at ordinary temperatures, but that the iron retained a quan- 
tity of hydrogen which could subsequently be expelled by immers- 
ing the tube in hot water. He stated: ‘The volume of hydro- 
gen which was thus given off by the tube, after it had been taken 
out of acid, was about equal to the volume of the iron.’’ 

In 1905, Winkelmann’ used, in electrolysis, an iron tube as 
cathode, and found that hydrogen diffused through the iron. 

Chwolson,® after citing the permeability of a number of ma- 
terials to various gases, states: 

“‘We must assume that in all these cases we have to do with an 
absorption of the gas by the caoutchouc or by the metal; the gas 
subsequently escapes from the side where the wall is not in con- 
tact with it; there is produced at the same time, at the interior 
of this wall, a real diffusion.” 

This view has been confirmed by the investigations of others. 

Charpy and Bonnerot state:'° 

“It has long been known, notably through the researches of 
MM. Sainte-Claire Deville and Troost and through those of M. 
Cailletet, that iron allows hydrogen to pass through it, not only 
at high temperature, but even in the cold when the hydrogen is 
produced in contact with the metal by the action of an acid or by 
electrolysis; . . 

“Tron appears, indeed, to constitute, in contact with a gaseous 
mixture containing hydrogen, a strictly semipermeable wall. 

“The verification of this presents some difficulties arising from 
the fact that, at temperatures where the permeability is mani- 
fested, irons and steels placed in a vacuum give off gas almost in- 
definitely.” 

They used steel tubes enclosed in porcelain tubes, the annular 
space being filled with the gas in question. Nitrogen did not 
pass through the steel walls at any temperature up to 800 C. 
Hydrogen contained in any gaseous mixture passed at a rate de- 
pendent on the temperature. 


7“Papers on Mechanical and Physical Subjects,” by Osborne 
Reynolds, University Press, Cambridge, England, 1900-1903, vol. 1. 
See: ‘‘On the Effect of Acid on the Interior of Iron Wire,” pp. 48-50. 

8 “Uber den Einfluss der Temperatur und des Druckes auf die 
Absorption und Diffusion des Wasserstoffs durch Palladium,” by 
A. Winkelmann, Annalen der Physik, vol. 16, 1905, p. 773. 

*“Traite de Physique,”’ by O. D. Chwolson, A. Hermann, Paris, 
1906-1914, vol. 1, p. 532. 

10 “Sur la perméabilité du fer pour l'hydrogéne,” by G. Charpy and 
8. Bonnerot, Comptes Rendus, vol. 154, 1912, p. 592. 
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“The osmosis is practically nil below about 325 C in the con- 
ditions under which we worked.”’ 

Following their experiments with molecular hydrogen, they 
turned to the study of the behavior of nascent hydrogen. 

“The phenomenon of osmosis in the cold of nascent hydrogen 
is very different, notably in that it is irreversible.” 

Using an iron tube as cathode in a solution of caustic soda, they 
measured the pressure of the gas accumulating inside. They re- 
ported that “the osmosis of hydrogen seems to have no tendency 
to cease with interior pressures up to 14 atmospheres, the highest 
reached.” 

In conclusion they state: 

“The various results obtained appear to accord with the hy- 
pothesis of the formation of a solution of hydrogen in iron.” 

In further experiments, these investigators!' found that os- 
mosis proceeded up to a counterpressure of 26 atmospheres, at 
which point a manometer connection failed. 

In view of these facts, and bearing in mind that the authors of 
the paper here under discussion were dealing with nascent hydro- 
gen, their statement, that “the amount of hydrogen passing 
through the tube is probably small at the low partial-hydrogen 
pressure existing within the test section” (see page 730), is open 
to grave question. 

Fuller!? describes a long series of his experiments which show 
that hydrogen generated by the action of acid on the outside of a 
steel tube passes readily through the tube walls, and he tabulates 
numerous quantitative results obtained at various temperatures. 

Experiments with the same end in view, but using a different 
type of apparatus, and plates instead of tubes, are described by 
Edwards.'* His investigations covered a wide range of tempera- 
ture, acid strength, and plate thickness, the volume of hydrogen 
passing through the plate being measured in each case. 

In International Critical Tables, Vol. 5, p. 76, are given the 
coefficients of permeability of various metals for several gases. 
They show that, with the exception of palladium, iron is much 
more permeable to hydrogen than is any other metal, and that at 
600 C (approximately the temperature at which the authors 
worked) the permeability is more than three times that at 500 C. 
These coefficients pertain to molecular (not nascent) hydrogen. 

One of the major problems in the Haber process for the syn- 
thesis of ammonia, and in the Bergius process for hydrogenation 
of coal or tar, has always been and still is the ease with which 
hydrogen diffuses through the thick walls of the steel chambers in 
which the catalytic reaction takes place, at the temperature cur- 
rently used, that is, in the neighborhood of 500-600 C. 

While the foregoing citations do not, by any means, constitute 
a complete bibliography of this subject, they are sufficient to 
suggest that the authors, had they given the matter more careful 
preliminary study, would have devised some different method for 
determining the extent of the oxidation process they wished to in- 
vestigate. 

The method ultimately used, viz., selective solution of the ox- 
ide, is open to so many objections that it must be regarded as 
merely a makeshift. 

While the announced purpose of the authors was investigation 
of the oxidation of metals, this oxidation is only the beginning of 
the damage which steel tubes sustain when subjected to the ac- 
tion of steam at high temperatures. The hydrogen, which is 
produced with the iron oxide, is the real cause of the ultimate 


“Sur les réactions qui accommpagnent l’osmose de l’hydrogéne 
travers le fer,’ by G. Charpy and 8. Bonnerot, Comptes Rendus, vol. 
156, 1913, p. 394. 

12 ‘The Penetration of Iron by Hydrogen,” by T. 8S. Fuller, Trans- 
actions of the American Electrochemical Society, vol. 36, 1919, p. 113. 

13 “Pickling; or the Action of Acid Solutions on Mild Steel and the 
Diffusion of Hydrogen Through Metals,” by C. A. Edwards, Journal 
of the Iron and Steel Institute, vol. 110, 1924, p. 9. 
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damage. The effects of hydrogen on steel are well-established 
and generally known. Ferrite, which is the principal constitu- 
ent of low-carbon steel, readily (even greedily) absorbs hydro- 
gen, thereby losing its ductility. This is the well-known phenome- 
non of “embrittlement” so commonly observed in wires and 
sheets pickled in acid preliminary to hot-dip galvanizing or tin- 
ning. A more serious effect is the reduction of the cementite, 
which is the hard constituent of steel, with the production of 
methane. The methane, being insoluble in ferrite, forces its 
way to the outside through the joints between the crystals, thus 
contributing to the disintegration of the steel. 

Audibert and Raineau' cite the following observation: 

“Maintaining during only 24 hours an ordinary steel of 0.25 
per cent carbon in an atmosphere of hydrogen at 580 C under a 
pressure of 150 kg per sq cm, we have seen its breaking load fall 
from 48 to 27 kg per sq mm, and its elongation from 22 to 6 per 
cent.” 

Berthelot'® gives the results of exposure of some steels to a hy- 
drogen atmosphere at 550 C and 150 atm pressure. Ordinary 
carbon steels, in annealed condition, with 0.06 to 0.54 per cent 
carbon, lost from 30 to 56 per cent of their ultimate strengths 
(the greater losses corresponding to the higher carbon contents) 
and practically all their ductility. Chrome-molybdenum steels 
with 3 to 6 per cent Cr, 0.5 per cent Mo, and 0.12 to 0.15 per cent 
C, lost from 7 to 11 per cent of their ultimate strengths, while 
their ductility was practically unaltered. These data are tabu- 
lated in detail in his paper.'® 

The superior behavior of chrome-molybdenum steels in the 
presence of hydrogen is due to two facts, viz., that hydrogen is 
nearly, if not quite, insoluble in chrome-ferrite, and that the mul- 
tiple carbide of iron, chromium, and molybdenum, which takes the 
place of the cementite of plain carbon steel, is not reducible by 
hydrogen unless it be at temperatures much above 600 C. These 
properties have led to extensive use of such steels in high-tem- 
perature high-pressure processes requiring the presence of free hy- 
drogen. With them has come a long list of new problems which 
have, for the larger part, received only tentative solutions, and 
the discussion of which would not be pertinent to the present 
paper. 

Whether chrome-molybdenum steel will prove to be suitable 
for use in critical-pressure steam boilers is one of the problems 
which the authors have marked for future attack. 


Avutuors’ CLOSURE 


Mr. Wilson has emphasized the importance of a low coefficient 
of expansion of alloy steels in reducing the differential contraction 
of the oxide layer and the steel] on cooling from a high tempera- 
ture. The ideal condition would probably be one in which the 
coefficients of expansion of the steel and the oxide layer were 
the same. The authors appreciate the cooperation which Mr. 
Wilson has given them in securing for inclusion in the test pro- 
gram, a sample of the steel mentioned in his discussion. 

Mr. Hodge states that “the rapid attack on these stainless 
steels (18-8 and 25-20) in the authors’ paper does not coincide 
with actual service performance of 18-8 in a number of installa- 
tions.’”” The authors did not intend to create the impression 
that the attack is either serious or rapid but rather to call atten- 
tion to the fact that a certain amount of reaction between steam 
and these stainless steels does take place at the temperatures 
used in these experiments. A number of 18-8 nipples have been 


14“‘Le construction des enveloppes cylindrique travaillant sous 
pression,” by E. Audibert and A. Raineau, Annales de l’ Office Na- 
tional des Combustibles Liquides, vol. 9, 1934, no. 2. 

15 **Problémes Métallurgiques Posés par la Construction des Tubes 
d’Hydrogénation et des Chambres de Cracking,’’ by Ch. Berthelot. 
Revue de Metallurgie, 1936, vol. 33, p. 685. 
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removed from the steam lines and cut open. All of them have 
been covered with a thin dark oxide layer. It is possible that 
this oxide layer will protect the steel from further attack over 
long periods of time. Subsequent experience has indicated that 
the surface finish of the 18-8 steels has a marked influence on ap- 
pearance of the surface after exposure to steam at high tempera- 
tures. 

Mr. Hodge has presented an excellent discussion of air and 
oxygen scaling tests, based on a “Review of Oxidation and Scaling 
of Heated Solid Metals” by the Great Britain Scientific and In- 
dustrial Research Department. It has been the experience of 
the authors that the oxides formed on the inner surface of a tube 
in contact with steam are considerably different in appearance 
from the oxides formed on the outside of the same tube in con- 
tact with air. As further data are developed by steam oxidation 
tests, it will be of considerable interest to attempt to correlate 
these data with the existing data on air and oxygen scaling by 
means of the methods outlined by Mr. Hodge. 

Mr. Comstock has presented at some length the results of 
several investigators who studied the problem of the diffusion 
of hydrogen through iron which was used as a cathode in elec- 
trolytic cells containing either an acidic or an alkaline solution. 
The discharge of hydronium ions (H;0*) by electrons during 
electrolysis involves an entirely different chemical mechanism 
and may lead to entirely different products and resultsfrom that of 
the mechanism which produces molecular hydrogen by a reaction 
between iron and steam at elevated temperatures. Hence the 
many references to electrolysis which are quoted by Mr. Com- 
stock have no bearing on the problem under discussion. 

It is immaterial whether the reaction of steam with iron pro- 
duces molecular or atomic hydrogen. An equilibrium will be 
established between theatomic hydrogen, if any,and the molecular 
hydrogen in a smaller interval of time than it takes for the 
The modifi- 


hydrogen to diffuse away from the point of reaction. 
cation of hydrogen which is diffusing through the iron will be 
the same whether it reaches the surface as molecular hydrogen 
from a gas cylinder or is generated on the surface by a chemical 


reaction in which the surface takes a part. The rate of diffusion 
will depend upon the partial pressure of the atomic hydrogen 
or whatever active modification of hydrogen may be present in 
combination with iron during the process of diffusion. If this 
partial pressure be small, the rate of diffusion would necessarily 
be small. The authors still maintain that “the amount of hydro- 
gen passing through the tube is probably small at the low par- 
tial hydrogen pressure existing within the section.” The coeffi- 
cient of permeability given in the International Critical Tables, 
to which Mr. Comstock makes a reference, confirms the re- 
sults which the authors obtained for the rate of diffusion of hy- 
drogen through steel. Mr. Comstock refers to the possibility 
of hydrogen embrittlement due to the diffusion of hydrogen 
through the steel. The fact that steel has been embrittled 
when subjected to a hydrogen atmosphere at 550 C and a 
pressure of 150 atmospheres as stated in his discussion does not 
prove that such action will take place due to the small volume 
of hydrogen evolved at the very low partial hydrogen pres- 
sures encountered with alloy steels in contact with steam. 
However, the authors are making a metallographic examination 
of all specimens that have undergone tests in order to detect 
any changes in the structure of the steel due to hydrogen, stress, 
or other causes. 

The authors fee] that the written discussions which have been 
presented and the informal discussions that have followed the 
Presentation of the paper have brought out numerous facts which 
will be of considerable value in helping to make the investiga- 
tion of the oxidation of the alloy steels more comprehensive and 
complete. 
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European Progress in Hot-Press 
Bonding of Plywood in the 
Last Ten Years' 


Rosert L. Davison.?. It would be well to explain that al- 
though the writer recognizes the great importance of plywood to 
the furniture industry and believes that in the future it will be used 
even more extensively, his own interests are primarily in the use 
of plywood for low-cost housing. In his housing research work 
extending over a period of seven years there have been three ma- 
terials which have appealed to the writer as having great promise 
for better and cheaper methods of construction. Of these, resin- 
bonded plywood, if properly produced, seems to be the most 
promising for low-cost construction in the near future. 

Since he has no financial stake in the wood industries no one 
can justly accuse the writer of ulterior motive or wishful thinking 
when he becomes enthusiastic about the future of waterproof 
plywood. He does not wish to say that better materials may 
not be developed or that waterproof plywood is the solution 
to multifamily housing, but in his opinion it offers the best op- 
portunity in the immediate future for mass production of low- 
cost individual houses. However, from investigations here and 
in Europe he concludes that phenol-bonded plywoods as generally 
made in this country are not entirely satisfactory for exterior use. 

Aside from the question of quality of plywood, the point which 
is of greatest interest, from the standpoint of plywood in the 
field of low-cost housing, is the question of size of the plywood 
panels. Attention is called to the author’s statement that in 
Europe they have made panels up to 6 X 16 ft. General prac- 
tice in this country is to produce sheets up to 4 X 8 ft which is a 
serious handicap on the use of plywood in residential construc- 
tion. A length of 8 ft puts a serious limitation on the design of 
plywood houses as is shown more fully in another article.* 

The writer would like to see further development in this coun- 
try of the technics of manufacture so as to achieve the results 
quoted by the author on page 71: “‘...the veneers or wood elements 
must be bound together with adhesive in such a way that it is 
practically impossible for the individual elements to change their 
dimensions and the panel to change its shape, due to changes in 
moisture content or temperature, provided the panel as a whole 
is subjected to those moisture and temperature changes.” 

For use in house construction the development of the timber 
core would be of great advantage for the attaining of the desired 
thickness at reasonable cost. At times this thickness is desired 
not only for the added stiffness attained but also for increasing 
the sound- and heat-insulating value of the wall. 

It would also be desirable to develop plywood with surface 
veneers impregnated by resin so as to increase weather-resistant 
qualities without the necessity for painting. The author men- 
tions that “if thin enough veneers are selected the resin will not 
only glue but impregnate such veneers in the same operation.” 
The author and also other plywood experts in the United States 
and Germany with whom this problem has been discussed, say 
they believe that resin-bonded and resin-impregnated plywood 
will prove entirely satisfactory over a long period of years not 
only for exterior walls but for roofs as well, without the necessity 
of any additional surface treatment. There may be some sur- 
face checking but from the standpoint of weather resistance this 
would not be serious. 


1 Published as paper WDI-60-4, by L. M. C. Wegner, in the Janu- 
ary, 1938, issue of the A.S.M.E. Transactions, vol. 60, pp. 69-76. 

? Director of Housing Research, The John B. Pierce Foundation, 
New York, N. Y. 

3 “Horizontal Prefabricated-Type Plywood House,” by Robert L. 
Davison, Timberman, vol. 38, February, 1937, pp. 11-14. 
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Last but not least is the question of price. The author has 
said that it would be entirely practical for resin-bonded plywood 
to sell at from 1/; to #/, cent more per sq ft of glue film than the price 
at which plywood of similar wood and thickness is now sold when 
made with casein glue. Naturally any selection for appearance 
of grain such as is necessary in the furniture industry would not 
be expected. It is the writer’s belief that when the plywood in- 
dustry has fully developed the technics of quantity manufacture 
of plywood which comes up to the standards set by the paper, it 
will be possible to build a 24 X 32-ft house’ of plywood which, 
complete with all equipment, could be sold for from $2000 to 
$2500. When such a house is developed the market for ply- 
wood, and incidentally the machinery which is necessary for 
producing it, will become of major importance to the wood in- 
dustry, and such a development may contribute largely to the 
solution of the low-cost-housing problem in the United States. 


EmanvELG. Wotrr.‘ The author’s outline of the development 
of the European plywood industry coincides with the writer’s ex- 
periences in Europe to which this discussion refers. 

During the first stages of the industrial development of plywood, 
the methods of testing and inspecting, similar to those used in the 
metal industry, were quite unknown but are now generally prac- 
ticed there. A knowledge of the strength of a material is neces- 
sary to enable the construction engineer to use it correctly and 
for its proper purpose. The endeavor to utilize plywood not only 
for cabinetmaking and interior woodwork but also for structural 
parts, rendered it necessary to adjust the existing testing meth- 
ods. In this connection, the writer has acted as inspector of 
plywood which has been used in the entire airplane industry. 
Assuming that this plywood was to be used exclusively for the 
construction of structural and carrying parts of airplanes, it had 
to be tested with extreme accuracy. First, the panels had to be 
examined for their external qualities according to the authorities’ 
specifications. Then the internal structure of each individual 
panel was inspected optically by transmitted light, using equip- 
ment especially constructed for this purpose. A certain per- 
centage of the panels thus passed as suitable, were used for speci- 
mens to test the tensile strength in the direction of the grain and 
perpendicular to it, the shear strength at the glue line, the bending 
strength, and the moisture content. The inspector issued a 
certificate embodying the test results, and this certificate accom- 
panied each consignment which was shipped to the airplane 


‘ Consulting Engineer, Chicago, Ill. 
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factories. These figures were used by the construction engineers 
as a basis for their static calculations and played an important 
part in obtaining precise figures of the strength of the finished 
machine. Furthermore, as a result of these tests it was dis- 
covered that, by a special combination of the panels, a consider- 
ably higher and more evenly distributed strength could be ob- 
tained, and only then it became evident that plywood could be 
used for various parts for which it had been thought that metal 
was necessary. 

In Europe, today, the super type of airplane for military or 
civil purposes is constructed entirely of wood, and the majority 
of all European machines have at least the wings constructed of 
wood. These machines have proved that they are particularly 
suitable in time of war and are to be preferred to metal machines 
for the following reasons: In time of war, the military pilot 
often has to land under abnormal conditions such that minor 
damage to the machine becomes inevitable. The smallest defect 
on a metal machine which has thousands of rivets and welded 
parts necessitates an immediate withdrawal for repairs, whereas 
a wood-constructed machine is much more elastic because of its 
tendency toslow breakage rather than rapid buckling and can easily 
be repaired on the spot. Recent experiences in Spain have given 
ample proof of these facts and, for these and many other reasons, 
the return to wood has been decidedly noticeable where, previ- 
ously, it had been abandoned in favor of metal. It is most im- 
portant for the suitable construction of technical woodwork that 
a first-class plywood panel be available which answers all require- 
ments, as previously outlined. In the course of the last few 
years this has been achieved, and not in the least due to the fact 
that highly developed machines of great precision, such as mod- 
ern hydraulic hot-presses and first-class rotary cutting machines, 
have been used in the manufacturing process. 

Considerable improvement of the product has also been ef- 
fected by the use of resin glues which have made it possible to 
manufacture weatherproof panels free of any kind of fungus 
and which will not deteriorate and resulting in an increase in 
strength of the panels due to the penetration of the resin glue 
into the veneers. 

In concluding, the writer believes that, in Europe, the high 
quality of plywood for special technical purposes has been 
achieved due to the fact that the machine industry has produced 
highly developed machines of great precision, and also because 
of the use of resin glues. 

{Mr. Wegner, the author of the paper on which the foregoing 
discussion was submitted, died on May 19, 1938.—Eprror. | 
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Rotary Oil Meters of the Positive- 
Displacement and Current Types 


By EVERETT M. CLORAN,' PITTSBURGH, PA. 


While much research has been done and a corresponding 
amount of written material presented on discharge coeffi- 
cients and operating limitations of the orifice and venturi 
type of meter for oil measurement, little has been pre- 
sented on the corresponding performance of quantity 
meters of the displacement and current or impeller clas- 
sification. 

The several types of quantity meters which have found 
application in the petroleum industry are discussed by 
the author. The first of these is the displacement meter 
of the piston type, which has an accuracy essentially 
independent of the density and viscosity of the liquid 
measured. A second type in the displacement class 
is the disk meter, which is critically discussed with re- 
spect to accuracy, operating range and rate of flow, and 
effects of viscosity of the liquid on the accuracy. The third 
displacement meter discussed is the rotary-vane type 
which offers a high volumetric efficiency and great ac- 
curacy, and is comparable to the piston type with respect 
to density and viscosity of fluid. In each case, the charac- 


ment and current types is one of the oldest and best- 

developed branches of fluid measurement; yet, it is 
not static or unprogressive. The growth of the petroleum 
industry with its numerous products and phases of operations, 
has created many measurement problems which have resulted in 
new developments and applications for these types of meters. 
While much attention has been given to oil measurement with 
rate-of-flow meters, especially orifice and venturi meters, little 
has been given on this subject in connection with the general 
classification of “‘quantity’’ meters, which embraces the displace- 
ment and current types. Although “quantity”? meters use a 
different measuring principle and, in general, measure smaller 
rates of flow than the rate-of-flow type, in some cases these 
fields of utilization overlap. Also, since an increasingly large 
number of meters of this classification are being used for oil 
measurement, it is desirable at the present time to take under 


Pima we oon of liquids with meters of the displace- 
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teristic accuracy curve of each type of meter is analyzed 
and the general field of application, together with operat- 
ing limitations of each meter, are outlined. 

The current-type meter receives a more lengthy discus- 
sion covering both details of construction and operating 
characteristics for a type which has been adapted for 
measuring crude oils. Account is given of test results of 
oils of viscosity from 60 to 500 seconds Saybolt Universal 
and the effects of viscosity upon accuracy are analyzed 
and limitations stated. In general, this type of meter 
offers the advantage of direct reading of quantity and, in 
its present state of development, with a degree of accuracy 
equivalent to, and in some cases better than, measurement 
with the orifice meter, which is brought out by a compari- 
son of possible accuracy with the square-edge orifice in the 
region of Reynolds’ number lower than 100,000 and the 
performance of the oil current meter in the same region. 
Within the range of 60 to 350 S.S.U. viscosity and over an 
operating range of 15 per cent to maximum, the current 
meter shows acceptable accuracy in measurement of oil. 


consideration chief types which have found successful application. 

The following material covers such quantity meters of the 
displacement type, including those of the rotary design, with 
reference to (1) accuracy as affected by rate of flow, density, and 
viscosity, (2) capacity, (3) pressure loss, and (4) class of measure- 
ment for which each type is suited. A somewhat detailed 
study of the impeller- or current-type meter is made from the 
same point of view, this meter being considered as a quantity 
meter of the rotary type using fluid velocity instead of displace- 
ment as its operating principle. 


METER APPLICATIONS 


There are innumerable applications for all such oil meters 
within the petroleum industry, extending from the wellhead 
where crude oil is produced, to final products such as gasoline, 
fuel oils, and grease. Roughly, the fields of application can be 
divided into the measurement of crude oil and of the refined 
product; many problems which are met with in the measurement 
of crude oil are not encountered in measuring refined oils. 

For crude-oil measurement, however, the requirements of 
meters are highly specialized, being based upon unique operating 
conditions and physical properties of the oil which are better 
understood from a study of oil-field conditions. A short account 
of the latter is given, although possibly a digression, before con- 
sidering the mechanics of meters for oil measurement. 

The metering of refined oils embraces such activities as dis- 
pensing from service stations, delivery by tank truck, transfer 
and loading from storage plants. Suitable meters are available 
for, and widely used at, each point where the finished product is 
handled. The general requirements of meters for such services 
are high degree of accuracy over a wide range and low pressure 
absorption. In installations for tank trucks and gravity-flow 
systems, only low-head pressures are available and pressure 
loss due to the meter is critically important. The fluid is 
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generally clean and noncorrosive, and pressures are not high. 
However, since a given meter may be used to measure a variety 
of gasolines and oils, its readings should not be affected by varia- 
tions of viscosity or density. 

Requirements of meters for refinery service, where the product 
is in process, often introduce the problems accompanying high 
temperatures and pressures and, sometimes, corrosive fluids. 
Satisfactory meters have also been developed for many refinery 
services. Here again, the fluid is generally clean and the measur- 
ing range of the meter usually need not be extremely wide, since 
the rate of flow is generally kept within a reasonably small 
range. As a general rule, pressure loss due to the meter is not 
critically important. 


THE MEASUREMENT OF OIL 


While the metering of crude-oil production at the well is still 
in a process of evolution, the development of measuring methods 
and meters is receiving increased impetus from governmental 
legislation which requires measurement of oil by meter as a 
basis for taxation and for control of allowable production under 
conservation laws. Although a meter is imperative under such 
conditions, there are additional advantages which are causing 
operators to give such metering increased consideration even 
when not required by legislation. 

Since the primary requirements of a meter for this service are 
that the meter be mechanically simple, rugged, and give a direct 
reading in units of barrels or gallons, simple displacement 
and current meters have been adopted and thus far proved 
most suitable for measurement of crude oil. The counter of any 
type of quantity meter is as simple to read as a measuring stick 
used for gaging a tank. The metering of crude oil involves a 
number of factors which are not encountered in refined oils: 
Crude oil may be dirty, carrying fine abrasive particles, and salt 
water, which often appears as an emulsion; an appreciable 
amount of dissolved gas in the oil leaves the liquid as the pressure 
is decreased; and the viscosity and density of the oil changes 
with change of temperature. 

These several factors are met as follows: With a meter of 
suitable construction to withstand reasonable wear due to dirt 
and corrosion, the problem of measuring the true volume of oil, 
i.e., independently of the dissolved-gas content, remains as most 
important. The crude oil, as it flows from the wellhead, con- 
tains gas dissolved in the oil in variable amounts depending upon 
the characteristics of the crude, the temperature, and pressure. 
When the oil is exposed to atmospheric pressure in a receiving 
tank, the dissolved gas can leave the oil. However, when such 
oil is confined in a pipe, gas separates from the oil as the pressure 
decreases; the volume of liquid decreases slightly but the total 
volume of fluid increases by a relatively great amount since the 
total volume is that of the liquid plus that of the oil-entrained 
bubbles of gas. The extent of this increase in volume is 
dependent upon the temperature as well as upon the pressure re- 
duction; at lower temperatures, the volume of gas is small, 
obeying the gas-thermometer law. When metering gassy oil it is 
necessary to apply suitable correction factors to the meter read- 
ings to obtain the true volume of liquid, as the meter measures the 
volume under the conditions existing in the measuring chamber. 


Piston-TypE DISPLACEMENT METER 


The measurement principle of the piston-type meter is simple 
and very old: A piston moving in a cylinder through a definite 
stroke must displace a definite volume of fluid in each cycle. 
Ordinary reciprocating pumps are often used as makeshift 
meters on this basis by keeping tally of the pump strokes. From 
this conception has grown a very large class of meters which 


utilize piston displacement as the measuring principle. The 
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requirements of the petroleum industry have given impetus to 
a high degree of development and wide application of this type of 
meter. Since it is widely used in metering a variety of petroleum 
products, characteristics of this device merit some attention. 

As theoretical considerations indicate, this meter is capable of 
a high degree of accuracy. With optimum adjustment of stroke 
and valve timing, the variation of accuracy throughout the work- 
ing range in good commercial meters may be no more than 0.2 
to 0.3 per cent. Since this is a true volume meter, the effects of 
viscosity and density are, practically and theoretically, nil. 

The lowest flow that this type of meter will register is depend- 
ent upon the leakage rate through the meter. With tight-seating 
valves and piston-sealing rings, practically all of the flow through 
the meter assists in moving the pistons, i.e., the volumetric ef- 
ficiency is high. Consequently, the meter will register close to 
zero rate of flow without serious change of accuracy. The pres- 
sure loss follows substantially the square of the flow rate and is 
dependent chiefly upon the restriction offered by the valve ports. 

The piston meter is widely used in measuring gasoline and oils 
at pump stations, on tank trucks, and at loading racks at re- 
fineries and bulk plants, because of its low pressure loss and high 
accuracy over a wide range of flow. In general, it is not suitable 
for dirty oils; however, in some locations, these meters are being 
used on crude oil which is fairly clean and noncorrosive. 


Disk-Typre DispLACEMENT METER 


A second type of displacement meter employs the old nutating- 
disk principle. Practically all domestic water consumption is 
measured with this type of meter. It has been used also for 
oil measurement with considerable success. Since the motion of 
this meter is simple yet difficult to describe, the metering 
element is shown in Fig. 1 to assist in visualizing its operation. 
The volume displacement is due 
to the nutations of a disk within 
a close-fitting chamber. The 
fluid passes through the chamber 
in wedge-shaped unit volumes 
between the walls of the chamber 
and the disk. In passing through, 
the liquid causes the disk to 
move in such a way that its axis 
describes a cone of revolution. 
For each cycle of the disk axis, 
which motion is called a nuta- 
tion, a definite amount of fluid 
passes through the meter. These 
nutations are counted on a train 
of gears to the register. It is 
not possible to adjust the nieter 
displacement; consequently, ad- 
justment for calibration is made 
by change gears in the register. 

Accuracy. Due to the neces- 
sary small but appreciable clear- 
ance between the edge of the disk 
and the chamber wall, the volu- 
metric efficiency of the disk meter is not as high as that of the 
piston meter. As a result, at very low rates of flow, there is 4 
“slip,” caused by the fluid leaking past the disk without moving 
the latter. As the rate of flow increases, the slip decreases and 
becomes negligible in effect. 

Viscosity and* Density. Tests on disk oil meters reveal 
slight definite effects on accuracy due to viscosity. In Fig. 2 i8 
shown a typical test result illustrating the change of error for 
various rates of flow on oils with viscosities of 40, 200, and 700 
seconds Saybolt Universal. The effect with high viscosities is 


Fig. 1 ELEMENTS OF THE 
Disk-Type METER 
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Fie. 3 Rotary Suipinc-VAaNE METER 
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Fig. 2. Viscosiry Errect on THE Disk-Type METER 


to increase the error in the plus direction (overregistration) by 
approximately 1 per cent at the highest rates of flow. Tests on 
a large number of oil disk meters show Fig. 2 to be typical of a 


characteristic trend. Ina good “production” meter, the change 
of error with viscosity is never more and usually much less than 
1 per cent. This negligible increase, moreover, is taken into 
account by calibrating the meter using oil of medium viscosity. 
It is interesting to compare the effect of viscosity for disk meters 
with that for the current meters, as will appear. As the disk 
meter is essentially a volume meter, the effect of density is negli- 
gible in the working range of the meter, being noticeable chiefly 
in the region of slip. 

Range- and Pressure Loss. The minimum allowable flow 
is the limit where the accuracy drops outside the commercial 


tolerances due to slip. The maximum range is generally that 
of the manufacturer’s rating. The pressure loss across the meter 
follows substantially the square of the flow rate. 

Applications. Due to simple case design and mechanical 
arrangement, the disk meter is adaptable for both low and high 
pressures and temperatures. It is of particular value in refinery 
service when built of special materials suitable to withstand high 
temperatures and corrosive fluids. With clearance between disk 
and chamber, the fluid need not be as clean or as noncorrosive as 
in the piston meter, which advantage has led to the use of disk 
meters for measuring the direct output of crude oil on smaller 
wells. In this service, the compensating-type register for dis- 
solved gas and temperature correction is desirable. It is in- 
teresting to note that in the early days of gasoline dispensing 
from service-station pumps, this meter was widely used. Lately 
it has been replaced there by the piston meter. 


Rotary Siipinc-VaNE DIsPLACEMENT METER 


Fig. 3 is an illustration of the rotary sliding-vane meter, which 
is one of the latest developments in displacement meters for 
petroleum products. At first glance, it might be thought that 
this meter is of the impeller type; however, critical examination 
will reveal that it is a true displacement meter. It is one of a 
family of displacement meters using the synchronized-vane 
principle; the vanes not only participate in the motion of the 
rotor but have an independent motion coordinated with the con- 
tour of the wall of the measuring chamber. 

The displacement of this meter is the space swept by a vane, 
extending between a revolving drum and the wall of a cylindrical 
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casing. Between inlet and outlet ports, a portion of the cylin- 
drical casing projects inward with a close fit to the drum, acting 
as a division plate, so that flow, in passing from inlet to outlet, 
must follow a path of about 270 deg. Fluid fills the annular 
space between the drum and casing, exerts a pressure difference 
on the vane, and causes the drum to rotate when flow exists. 
The vanes are extended and retracted by a positive mechanical 
control which insures against any frictional contact between 
the vanes and the casing and division segment, or between the 
vanes and the drum, reducing mechanical losses to a minimum. 
Only a minute clearance exists between the ends of the vanes and 
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Fig. 4 Accuracy Curve or A Rotary SuipinG-VANE METER 


the wall, and ends of the cylindrical casing, thus confining the 
fluid to a definite path and area for flow. The meter has a high 
volumetric efficiency. 

Accuracy. Due to the high volumetric efficiency, the ac- 
curacy of the rotary sliding-vane meter is excellent and about 
that of a good piston meter, the greatest variation being about 
0.3 per cent. As in the case of the disk meter, the small clear- 
ances necessary allow appreciable slip only at extremely low 
rates of flow. A typical accuracy curve of a rotary sliding-vane 
meter is shown in Fig. 4. 

Viscosity and Density. Tests show no appreciable effect 
of viscosity variation within wide limits. The accuracy shown in 
Fig. 4 was obtained on both gasoline and a fuel oil of 75 8.S.U. 
without change in error. Density should have no effect except 
in the slip region. The use of this meter is, of course, restricted 
to liquids having a reasonable degree of fluidity. 

Range. The minimum range is that at which the error due 
to slip falls outside the commercial limits. The range is very 
wide and the top flow is that of manufacturer’s rating. Due to 
the easy motion, the capacity and speed are high, rated speeds 
as high as 450 rpm being good practice. 

Pressure Loss. The pressure loss of this type of meter is 
very low, there being little restriction of the cross section of flow. 
Pressure loss is due chiefly to the bends of the flow path and the 
power required to rotate the drum against fluid and bearing 
friction, and to move the vanes. 

Applications. Low pressure loss with a high degree of ac- 
curacy over a wide range make this type of meter well suited for 
metering of gasoline and fuel oils on tank trucks and at bulk 
plants when only low head is available. Due to its simple 
mechanical motion and design as to clearances, the oil it measures 
need not be as clean as in the case of the piston meter where 
abrasion results in much more serious cylinder wear. 


CurrRENT METER 


The principle of this quantity meter is simple: To determine 
the quantity of fluid flowing past a fixed point, simply measure 
the distance the fluid advances and multiply this distance by the 
cross-sectional area of the fluid stream. This is accomplished 
in a current meter by converting the linear motion of the stream 
past a fixed point into the rotation of an impeller wheel, so that 
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the revolutions of the wheel may be substituted for linear dis- 
tance. 

The use of this simple principle is, of course, very old and its 
origin is lost in antiquity, probably having been first used to de- 
termine the velocity of water in open channels. In such hy- 
draulic work, a propeller, having a mechanism for registering the 
revolutions, was held in the stream on the end of a stick. The 
propeller screw revolved about a horizontal axis positioned along 
the line of flow. As the number of revolutions made by the 
screw were proportional to the distance traveled by the water, 
the velocity of the water could be gaged accurately by observing 
the number of revolutions made over a period of time. A large 
number of meters for this type of work have been developed, and 
although it is the basis for, it is still a step removed from, the 
quantity current meter. The next step was to locate perma- 
nently the screw in a pipe of known sectional area with the axis 
of the screw along the center line of the pipe. The registering 
mechanism outside of the pipe communicated with the screw 
rotor by means of a shaft working through a stuffing box and 
having reducing gears connecting the rotor and shaft. As this 
device registered the distance traveled by the fluid past a defi- 
nite cross section, the total quantity was obtained by including 
a factor for cross-sectional area in the register gearing. 


Fie. 5 Tue WoittTMann METER 


Over a long period, a large class of meters has emerged with 
this mechanism. Stream-gaging current meters generally utilize 
either the rotary screw or the rotary cup (anemometer) mecha- 
nism. Quantity current meters are classified on the basis of the 
impeller design as (1) the screw type using either the propeller 
or the spiral wing wheel, and (2) the turbine type using either im- 
pact or reaction of water to operate the wheel. In further classi- 
fying the screw-type current meter, it is interesting to note 4 
difference of the degree of confining the screw within the 
measuring cross section. 

Fig. 5 shows the Woltmann current meter, which is an old 
established German design. This type of rotor, which is a spiral 
wing-wheel screw, was one of the first tried in the development of 
current meters for stream-gaging work. The rotor, which is 
made of celluloid with a hollow body to obtain lightness, rotates 
in the path of flow with a generous clearance between the outside 
diameter of the rotor blades and the casing. A meter somewhat 
similar to this is produced commercially in this country; how- 
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ever, the screw assumes more nearly the form of a propeller 
than of a spiral wing wheel and is supported by a single bearing 
on the upstream side. In this design, the propeller, which is 
generally made from a light alloy metal, occupies about eight 
tenths the diameter of the measuring section. Meters of this 
general construction are termed “straight-velocity” or ‘“free- 
impeller” meters and are sensitive to change of velocity profile and 
flow disturbances, requiring straightening vanes or an adequate 
run of straight pipe. 

Fig. 6 shows what may be called the ‘confined-impeller” 
meter, in which the rotor is definitely confined within a measuring 
chamber having a smaller clearance to obtain greater certainty 


DIRECT READING 
REGSTER 


Fic. 6 Cross SECTION OF THE CONFINED-IMPELLER METER 


of action. Here, a spiral-bladed rotor is supported on a vertical 
axis to avoid mechanical difficulties while maintaining a small 
clearance between the blades of the rotor and the wall of the 
measuring section, this clearance being generally between 1 and 
2 per cent of the rotor diameter. 


CurRENT METERS FOR OIL 


Recently the type of “confined-impeller” current meter shown 
in Fig. 6 has been adapted to oil measurement for reasons clear 
from a study of its construction. The features of direct reading 
of quantities, ability to handle high rates of flow including excess 
flow, and generous clearances which allow dirt to pass without 
causing wear serious enough to change the accuracy are prac- 
tically essential in oil metering. The antifriction radial and 
thrust bearings on the rotor shaft are sealed in and are out 
of the direct line of flow; in addition, the thrust of the impeller 
is balanced to eliminate bearing loads and thus maintain a sub- 
stantially constant friction characteristic in the meter. Al- 
though the flow follows a 90-deg vertical bend, a strainer breaks 
up and equalizes uneven flow before the fluid enters the straight- 
ening vanes over the rotor. As in the rate-of-flow type 
meter, the primary element, which. is the rotor and casing, can 
be readily changed to a smaller size, thus making a comparably 
flexible unit. While this variation of impeller meter was first 
developed for oil-pipe-line installations, it has also found suc- 
cessful application in measuring the direct output of large oil 
wells, 

Accuracy. The characteristic accuracy curve of the current- 
type oil meter shown in Fig. 8 and discussed later, is a subject of 
considerable interest. Since the accuracy depends upon keeping 
the revolutions directly proportional to the distance traveled by 
the fluid, the meter could have perfect accuracy if this proportion 
were constant at all velocities of the fluid. However, in the ac- 
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tual meter there is “slip,’’ a condition where the fluid travel is 
slightly more than the product of revolutions by the pitch of the 
rotor blades, due to the small but constant friction load from the 
bearings and register mechanism. Since the rotation results from 
the impact of the fluid on the blades, at very low flows the fluid- 
impact force is insufficient to overcome the friction and fluid 
passes through the openings between the impeller blades without 
turning the rotor. As the rate of flow increases, the impact force 
increases rapidly until it overcomes the friction of the rotor. 
With the impact force increasing approximately as the square of 
the velocity the rotor quickly assumes the actual velocity of the 
fluid and the effect of slip becomes negligible. The effect of slip 
is essentially the same as described in the cases of the disk and 
rotary sliding-vane meters; therefore, to save space a curve for 
the current meter is not shown, that of Fig. 4 being close enough 
to the shape of the slip curve at lower rates of flow. At high 
rates of flow, the error curve of the meter measuring water is 
very nearly a straight line; different current meters show error 
curves with a slight trend up or down with increasing flow, this 
trend being generally so slight as not to cause the accuracy to fall 
outside commercial tolerances. This kind of “accuracy,” or error 
curve, is characteristic of the meter in Fig. 6. Investigations of 
stream-gaging current meters? show much the same curve, asdo also 
the “straight-velocity” type of current meters, such as shown 
in Fig. 5. The total friction of the bearings and the pitch angle 
of the blades controls the slip and determines the minimum 
measurable rate of flow. The highest rate of flow is determined 
by the allowable rate of wear in the meter mechanism. 

Viscosity and Density. If there were no friction in the meter 
to offer resistance to rotation, it would not require any force to 
turn the rotor. Under this condition, the meter would have no 
slip and would have the same accuracy on a gas or liquid. How- 
ever, the force or reaction on the rotor is a function of three 
factors: The velocity, density, and viscosity of the fluid. Cali- 
bration tests on oil current metets show that, within reasonable 
limits, such a meter should be calibrated on oil of the viscosity 
range in which it is to be used, or, if the meter has been calibrated 
on water, a correction factor based on viscosity should be applied 
tothe readings. In considering these data from a practical stand- 
point, it is not intended that the data shown should be used as 
such correction factors but rather as illustrations of the trend of 
general behavior of the meter under viscous forces. It is neces- 
sary to calibrate such meters individually. 

Fig. 7 shows the characteristic performance when the meter is 
tested for oils of different viscosities. Here, each viscosity shows 
a different error curve, forming a fairly close group. An in- 
crease in viscosity slightly increases the meter registration for the 
same rate of flow. Increase of viscosity from 60 to 350 8.S.U. 
results in a total change of about 2 per cent at high rates of flow 
and about 4 per cent at low rates of flow. 

The grouping of these curves implies a relationship which be- 
comes clearer when the errors are plotted on the basis of the 
Reynolds number, which dimensionless ratio combines the veloc- 
ity, density, and viscosity. The data of Fig. 7 are plotted against 
the Reynolds number Nz on a logarithmic scale in Fig. 8. Note 
that while there is a separate error curve for each viscosity, all of 
these curves seem to originate from a common stem which is on 
a definite slope at the higher values of the Reynolds number. 
The error curve for water lies below the average of the oil curves 
by as much as approximately 6 per cent. With decreasing 
values of the Reynolds number, an increase of viscosity up to 
225 S.8S.U. causes a proportionately higher registration. Below 
this value, a decrease of the error setsin. In other words, at the 
low values of Nx, the error first increases in the plus direction 


2**Use and Care of the Current Meter,’’ by J. C. Hoyt, Trans. 
AS.C.E., vol. 66, March, 1910, p. 70. 
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as the viscosity is increased and then a further increase in viscosity 
causes the error to decrease, for the same Reynolds number. 
The particular data shown in Fig. 8 are for a 3-in. meter, and 
it is found that the viscosity value for maximum or upper limit 
of error varies slightly with the meter size. 

In the normal range of operation, which is represented by 
higher values of Np, i.e., above 10‘, an increase of viscosity in- 
creases the registration, although by a smaller percentage, which 
increase continues with increasing viscosity. However, the 
changes in error in the normal range are well within reasonable 
limits. 

Consistent with the scarcity of literature on the accuracy of 
current meters for water measurement, even less is available on 
the effects of viscosity and density on this type of meter. How- 
ever, Ruppel,’ in an article dealing with the Woltmann meter for 
liquid measurement, shows the error curves of the Woltmann 
water meter tested on oil and plotted against the Reynolds 
number, and states that very large errors can be expected from 


3‘*Measurement of Liquids With the Woltmann Meter,” by G. 
Ruppel, Archiv fiir Technische Messen, 1234-1, September, 1931. 
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that meter when the fluid is very viscous. These conclusions 
were reached after a series of unpublished tests by K. J. Umpfen- 
bach and G. Ruppel. The error curves shown by Ruppel® are 
apparently intended as average and characteristic of a general 
trend and, for purposes of comparison, are oriented from the 
water-test curves shown in Fig. 8, the trend being indicated by 
the dashed lines in Fig. 8. Unfortunately, the viscosities of the 
fluids are not precisely indicated. The curve for water is not 
shown since it nearly overlies the water-test curve of the oil 
current meter. 

A comparison of error curves as shown by Ruppel for the 
Woltmann meter and those for the oil current meter reveal a 
striking similarity in trend. In each case, the curves originate 
from a common stem at high values of Ng, branching off at lower 
values of Np for each viscosity. The important difference be- 
tween the results is that in the Woltmann meter, which is a 
“straight velocity’ meter, apparently an increase in viscosity re- 
sults in a continuous increase in overregistration with decreasing 
values of Nx, whereas in the confined-impeller meter a limit is 
reached where further increase in viscosity results in a downward 
trend of the error. This difference will be discussed in detail 
later. However, the generally upward trend of the error curve 
with decreasing values of Ng appears to be unquestionably 
characteristic of the impeller-type meter, two similar results 
being obtained from mechanically different arrangements. 

The reason for this trend would seem to lie in the basic nature 
of fluid flow. If the Reynolds number is considered as a combina- 
tion of the viscous and the inertia forces of the fluid, it is obvious 
that at high values of Nr inertia forces predominate, and at low 
values viscous forces predominate. While there is generally a 
critical value at which the flow becomes truly laminar, there is also 
a region of transition from laminar to turbulent flow and, in this 
region, the balance between inertia and viscous forces changes 
gradually. The effect of viscosity on the impeller appears to be 
akin to “drag,” the increased “body” causing the impeller 
to conform more closely to the flow lines in accordance with 
viscous forces. This conformity increases with decreasing flow, 
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where the viscous forces of a given fluid predominate, and in- 
creases also with a direct increase in viscosity, as can be read 
from the curves. Accordingly, at lower rates of flow, where the 
Reynolds number approaches the critical value, the viscous 
forces rapidly predominate with the flow truly laminar, and it 
will be found in some meters that the error curve changes at a 
faster rate in this region than elsewhere. In confirmation, it is 
observed that, in tests on all sizes, the maximum error occurred 
at about Ng = 3000, which is approximately the critical Reyn- 
olds number. Below Nz = 3000, meter slip sets in, due to the 
lack of inertia forces from the fluid. 

The mechanism by which the viscous forces cause over-regis- 
tration seems to be the overtravel of the impeller in following the 
flow lines to a point where they leave the end of the impeller 
blades. This is consistent with Ruppel’s observation that both 
the condition of the downstream, or trailing, edges of the vanes 
and the angle of the vanes of the Woltmann rotor have an effect 
at very low rates of flow, where a “super-rise’’ is sometimes evi- 
dent. This also agrees with the general experience that, in the 
region of Nx, = 3000, the trend of the error curve can be modi- 
fied by changing slightly the direction of flow to the impeller 
blades. 

The Reynolds number contains the fluid density, and the 
effect of density is reflected in the error curve plotted against the 
Reynolds number. Beyond this there are no data of an independ- 
ent effect of density. Theoretical considerations indicate that 
it would have a maximum effect in the region of slip and would 
completely disappear at higher velocities of the fluid. The meter 
of the design shown in Fig. 6 is, of course, suitable for liquids 
only and those of a reasonable degree of fluidity. 

The limited extent to which increasing viscosity causes over- 
registration in the oil current meter as against the Woltmann 
type, which has continuous increase in error, appears to be due 
to the lack of damping action. In the ‘‘confined-impeller”’ meter, 
there is a relatively small clearance between the edges of the 
rotor blades and the casing. After the viscosity reaches a cer- 
tain value, the “drag’”’ of the blades on the fluid provides a retard- 
ing, or damping, force which overcomes the tendency of the meter 
to speed up in following the flow lines. In the Woltmann meter, 
the “free impeller” fails to produce such a counteracting resist- 
ance and so is much more sensitive to fluid forces. In this con- 
nection it is interesting to note that meters of this type, as pre- 
viously mentioned, are undesirably sensitive to disturbances of 
flow and velocity profile, and the progressive effect of viscosity 
on registration has been explained in the latter light, i.e., due to 
change of velocity profile with viscosity. 

The trend of error of the disk oi! meter was also to increase 
slightly with increasing viscosity. The magnitude of change is, 
in general, much less than that of the current meter over a much 
wider range of viscosity. Nevertheless, the explanation of- 
fered previously in connection with the current meter seems also 
to apply to the behavior of the disk meter. In each case, the 
disk, or rotor, is floating in the fluid stream and is subjected to con- 
siderable viscous forces of the fluid. 

Range and Pressure Loss. As in the case of the disk and rotary 
meters, the minimum rate of flow is that at which the slip causes 
the error to fall below desirable limits. The average maximum 
rate of flow is an elastic figure and to some extent dependent 
upon the allowable wear rate in the meter. Due to use of a 
simple rotary motion of a balanced mass, higher speeds are 
possible with current meters than with other types; this motion 
also results in smaller forces causing friction and wear. Con- 
sequently, such meters can operate at relatively high overrange 
speeds without damage. [n general, the average lower limit 
may be around 1.5 fps linear velocity with a maximum average 
velocity of around 8 to 9 fps and with occasional overrange speeds 
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(Compiled by Tuve and Sprenkle.t The Reynolds number here is based on 
conditions at the orifice ins of at the inlet.) 


as high as 15 fps. Pressure loss across the meter follows the pre- 
viously stated laws of fluid flow. 


Summary or METERS 


Detail requirements of meters for specific installations are 
outside the scope of the present paper. However, selection of 
the type of meter should be based not only on capacity, accuracy, 
range, and pressure loss, but also on consideration of the physical 
properties and the state of the fluid, such as viscosity, corrosion, 
temperature, and, in the case of crude oil, dirt and dissolved gas. 
In many installations, additional equipment such as strainers, 
and liquid-level contfols or traps to eliminate gas, will be found 
necessary to obtain satisfactory meter performance. However, 
faulty performance of such controls or traps due to improper type 
or lack of maintenance will result in serious meter errors, de- 
feating the purpose of the entire installation. Strainers are a 
good investment against meter damage and undue wear. 

Examination of the quantity méters indicates that the ac- 
curacy of the displacement meters is independent of viscosity, 
the piston and rotary-vane types being outstanding examples. 
The disk meter, which is also a displacement meter, is likewise 
independent of viscosity effects for all practical purposes. Test 
results show a slight but systematic increase in registration 
with large increase in viscosity, which change, however, can be 
said to be within +0.5 per cent or even less, depending upon the 
precision of manufacture. 

Tests on the current oil meter show that within certain limits 
the meter should be calibrated and adjusted on oil of the vis- 
cosity range in which it will operate, since there is a trend toward 
slight overregistration with increasing viscosity. For the 
“confined-impeller” oil meter discussed there is a change of 
approximately +2 per cent between the limits of 60 and 225 
8.8.U., the mean of this variation being about 6 per cent higher 
than the accuracy curve for water. However, for most practical 


4 “Orifice Discharge Coefficient for Viscous Liquids,” by G. L. Tuve 
and R. E. Sprenkle, Instruments, vol. 6, November, 1933, pp. 201-206. 
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operating conditions, reasonable changes of viscosity will cause 
changes in accuracy which are well within the commercial toler- 
ance of +2 per cent. At the same time, a meter calibrated on 
oil cannot be considered accurate for water measurement unless 
suitable correction factors are used. 

It was necessary to refer previously to these effects of viscosity 
on current meters on a general basis and offer only average 
results due to the important fact that the accuracy of such 
meters depends not only upon design but upon manufacture 
as well. Thus, it is necessary and desirable to test individually 
and adjust each meter for specific conditions, In general, 
this applies to all quantity meters which, as a unit mecha- 
nism, are composed of a multiplicity of parts as in contrast with 
venturi or orifice meters, the accuracy of which (independent 
of secondary devices which also require individual, careful cali- 
bration) depends chiefly upon the reproduction of standard noz- 
zles, venturi tubes, or square-edged orifices, the discharge co- 
efficients of which have been accurately determined, are widely 
published, and are available for public use. However, in the 
particular case of the square-edged orifice, the values of the dis- 
charge coefficients for measurement of viscous liquids are not too 
clearly defined and the data in Fig. 9, later discussed, show that 
the orifice in this service may not be entirely satisfactory. 


CoMPARISON OF THE CURRENT METER AND THE SQUARE-EDGED 
ORIFICE IN O1L MEASUREMENT 


In some oil-metering problems, the requirements for a meter 
as to capacity, pressure loss, and size, may be such that either a 
current meter or orifice meter could be used. However, at low 
values of the Reynolds number corresponding to the region 
where viscous forces of the oil predominate, the current meter 
may offer better accuracy. Fairly recent work by Tuve and 
Sprenkle‘ in the determination and correlation of discharge coef- 
ficients for square-edged orifices for viscous fluids shows definitely 
that for ratios of orifice diameter to pipe diameter greater than 
0.5 and for values of the Reynolds number below 100,000 the 
discharge coefficient may vary over limits which render the use 
of the orifice impractical. This may be seen in Fig. 9 which 


shows composite orifice-coefficient curves for viscous liquids as 
given by Tuve and Sprenkle, the orifice conditions being used in 
the Reynolds number N,. 

As a specific example, the 0.7-diameter-ratio curve in Fig. 9 
is shown in Fig. 8, the Reynolds number N, being transposed 
to line conditions, which is the value Nz, by means of the equa- 
tion 
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Nr = (d/D)N, 


and the per cent error for this curve is taken as the per cent devia- 
tion away from a mean coefficient value of 0.70 so as to obtain a fair 
comparison in the range of operation of the current meter. As the 
variation of actual discharge coefficient from any mean value 
used for calculation of metered flow represents the error in meas- 
urement, it is obvious that large errors can be expected with a 
square-edged orifice at low Reynolds numbers, with change of 
flow rate and viscosity. 

On the same basis, the variation in error of the oil current 
meter between high values of Nz representing performance on 
water, and lower values of Nz representing viscous liquids, shows 
a range of only about 6 per cent. However, in metering viscous 
fluids for which the meter is adjusted, the total change of error with 
wide variation of Reynolds’ number is quite small, the change 
being within the limits of +2 per cent and a total of about 4 per 
cent. 

In the case of the square-edged orifice, the coefficient is a true 
function of the Reynolds number, i.e., the value of coefficient 
varies with velocity v (rate of flow), orifice diameter d, density p, 
and viscosity », in consistent units, conventionally expressed as 


N, vdp/u 


In the current meter, error variation is not a function of the 
Reynolds number alone, the error responding more to viscosity 
than velocity (rate of flow) and other factors. Even so, plotting 
the error of this meter against Nz gives a useful correlation, since 
Ne contains the factors of rate and viscosity. Fig. 7 shows the 
chief effect of viscosity to be a vertical translation of the error, 
the practical engineering basis for judging performance. 


CONCLUSIONS 


For measurement problems involving viscous liquids, quantity 
meters offer the advantage of direct reading. Those of the dis- 
placement type are sensibly independent of viscosity effects, while 
the current meter appears to be nearly enough so as to be increas- 
ingly adaptable to the metering of oils, including those of high 
viscosity. 
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Pressure-responsive elements commonly used in indi- 
cating and recording instruments are manometers, free- 
piston gages, Bourdon tubes, diaphragms, and bellows. 
The mathematics of the primary elements, manometers, 
and free-piston gages is simple and direct. Analyses of 
Bourdon tubes and diaphragms show that predictions of 
their performance curves are not amenable to precise cal- 
culation even under the simplest conditions, which con- 
ditions do not generally obtain in instruments. Gener- 
ally, the instrument maker must rely upon empirical 
knowledge, coupled with approximate calculations, for de- 
sign data. Linkage adjustments must be provided to cor- 
rect for variations in dimensions and materials normally 
encountered in manufacture. 

Emphasis is placed on the usefulness of bellows as pres- 
sure elements, and approximate formulas for calculating 
their behavior are given. The results of considerable 
experimental work on the characteristics of bellows of 
various sizes and materials show that in many cases they 
are ideal elements for pressure-responsive instruments. 
An example of such use in a special-duty pressure gage is 
given. 


BOUT 1650, Torricelli found that a column of mercury ap- 
A proximately 29 in. in height could be supported by normal 
atmospheric pressure, but until Watt invented a device for 
utilizing the vapor pressure of water in producing useful work, 
there was little industrial need for pressure measurements. Since 
that time’ the applications for such measurements have become 
countless, and the instruments used have been presented in a 
great variety of fundamental construction and specialized design. 
It is small wonder that in the measurement of pressures ranging 
from that of the gas in a photoelectric cell to the enormous ex- 
perimental pressures of Bridgman, an over-all ratio of 10" to 1, 
no single instrument has been found adequate. 

The many devices developed to cover this great range may be 
grouped into three general classes: (a) Those in which the force 
due to pressure acting upon a known area can be measured. (6) 
Those in which the pressure applied to the area of an elastic mem- 
ber produces a reproducible and useful deformation. (c) Those 
in which a measurable change in a physical property of a body or 
system is produced by the pressure. 

Elements of the first group, commonly called primary elements, 
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include liquid-column gages suchas the Fortin barometer, manome- 
ters and piston or dead-weight gages. All members of the 
second and third groups are secondary elements, because their 
behavior cannot be precisely predicted and their response charac- 
teristics must be determined in comparison with some primary 
element. The most important elastic elements of the second 
group are circular diaphragms, Bourdon tubes, and bellows. In 
the third group are included such elements as the resistance gage, 
which utilizes the change in electrical resistance of Manganin 
wire with pressure, and the ionization gage used for very low pres- 
sures. Because of their limited industrial applications, elements 
of the latter group will not be discussed. 


Liquip-CoLUMN GAGES 


The pressure at any point in a quiescent liquid depends only 
on the distance below the surface, the density of the liquid, the 
pressure acting at the surface, and the acceleration of gravity. 
Consequently, first-order measurements with a fluid-column gage 
are limited to those of density and of vertical height. The liquid 
can be confined in a tube of convenient cross-sectional area and 
shape providing a large enough area is obtained at the liquid sur- 
face to avoid surface tension effects. The pressure at the refer- 
ence surface can be either nearly zero, as in the case of barometers, 
or atmospheric, as in the case of most manometers. Because of 
its simplicity and directness, the fluid column is usedover a greater 
range of pressures than any other element. The lower limit of 
pressure measurable by a liquid column is that of the vapor pres- 
sure of the liquid itself, although practical difficulties aré encoun- 
tered before this limit is reached. The upper limit is:set only by 
the practical working height of the liquid column. Thé inconven- 
ience of working with an extremely tall liquid column can be 
avoided, when measuring high pressures, by using a number of 
shorter columns in series. In such an arrangement, pressure is 
transmitted to the top of each column of mercury from the bottom 
of the next mercury column by means of a less dense liquid, such 
as water. The pressure obtained in this manner is that due to 
the sum of the heights of all of the mercury columns less that 
due to the sum of all of the heights of the water columns. In 
precise work, although it taxes the resources of the investigator 
to measure the liquid densities and maintain them by close tem- 
perature control, to measure the heights of all of the liquid sur- 
faces above the point of application of pressure, and to avoid any 
contamination of liquids; an acetracy of 1 part in 10,000 has been 
obtained by Meyers and Jessup (1)? and more recently by Roe- 
buck and Cram (2). : 


Tue Piston Gace 


An elementary piston gage consists essentially of a rigid column 
exerting a force over its own cross-sectional area due to its weight 
plus that of additional known weights: The common form shown 
in Fig. 1 embodies a rotatable cylindrical steel piston accurately 
fitting a steel cylinder containing the pressure transmitting oil 
and bearing a pan for the application of weights. A thorough 
discussion of all the factors entering into the construction and use 
of piston gages is outside the scope of this paper. The effective 
area of a piston gage is greater than that of the piston itself and 
less than that of the cylinder. The piston diameter can be 
measured with great accuracy with suitable equipment. Since 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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the clearance space between the piston and cylinder is quite 
small in proportion to the piston diameter, it can be measured 
with an absolute accuracy equal to that of the piston diameter 
by an oil-flow method. If the piston gage be filled with a fluid of 
known viscosity », sufficient weights placed on the pan to give 
pressure p and all connections closed so that oil leakage can occur 
only through the clearance space around the piston, then the 
piston will slowly drop as oil is forced out. If d be the clearance 
thickness, | the length of the clearance space, r the radius of the 
piston, and s the rate of fall of the piston then 
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The radius of the cylinder is then equal to r + d. Meyers and 
Jessup (1) state that the effective radius is slightly smaller than 
either the mean of the radii of the piston and cylinder or the 
radius corresponding to the mean of the areas of piston and cyl- 
inder, but for all practical purposes the three values are equal. 
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The best accuracy obtained in a gage of this type was 3 or 4 parts 
in 100,000. 

The range of the simple piston gage extends from 5 to 10,000 
lb per sq in. At the lower end of this range the inertia of the 
light piston required is so small that it is difficult to maintain 
rotation, and at the highest pressures the piston diameter must 
be made quite small to avoid excessively heavy loads. The dif- 
ferential piston gage shown in Fig. 2 avoids the latter difficulty by 
using two relatively large coaxial pistons closely fitting into a 
two-diameter cylinder, the net effective area being the difference 
between the effective areas of the two pistons. 


Tue Crrcutar Fiat DIAPHRAGM 


The circular diaphragm is one of the simplest elastic elements 
in the measurement of pressure. It also is one which most clearly 
shows the obstacles encountered in applying elastic theory to the 
behavior of elastic elements and in obtaining mechanical con- 
ditions amenable to theoretical treatment. The flat diaphragm 
clamped at the edges and subjected to pressure over one face has 
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Fig. 3) Typican DiapHRAGM-DEFLECTION CURVE 


(Abscissa scale magnified near the origin. Proportional limit £ per cent 
deviation) = Po = 0.5 per cent P’. Breaking load = P’.) 


Fie. 4 Dre ror CorruGaTine DIAPHRAGMS 


been treated in detail by various analysts, but their treatment is 
generally limited to isotropic homogeneous materials obeying 
Hooke’s law. Love (3) and others show that for extremely small 
deflections, the deflection is proportional to the pressure. How- 
ever, an indicating instrument generally requires that the de- 
flection be as great as possible in order to simplify the linkage. 
For these larger deflections, the stretching of the neutral surface 
of the plate must be considered. Under this condition, it has 
been shown by Nddai (4) that at the larger deflections the plate 
becomes stiffer than the linear theory indicates, and the deflec- 
tions are no longer directly proportional to the load. In an ex- 
treme case where the ratio of thickness to the diameter of the 
diaphragm is very low, the bending stresses become small in 
comparison with the tensile stresses which are due to the stretch- 
ing of the middle surface. The theoretical expression for the 
deflection of such a uniformly loaded circular membrane was 
developed by Hencky (5). The response of the diaphragm up to 
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its bursting point has been shown by Hersey (6) to follow the 
curve shown in Fig. 3. In use the deflection must be restricted 
to a small portion of the curve in order to obtain the smallest 
possible deviation from linearity and to avoid effects arising from 
the inelastic behavior of the material. In practice it is necessary 
to construct a linkage which transforms the nonlinear response 
to a linear scale indication. 


Tue CrrcuLarR CorruGATED DIAPHRAGM 


The range of deflection over which the transformation can most 
easily be made may be increased by forming a series of concen- 
tric corrugations in the diaphragm, the effect of which is shown 
by the following experiment: Two disks, 23/, in. in diameter, 
were cut from a sheet of annealed beryllium copper 0.010 in. 
thick. One was placed against a steel die having the shape 
shown in Fig. 4, and pressed into the grooves by a rubber 
pad under a hydraulic press, the other remaining flat. Both 
were then held firmly in shape while heat-treated at 275 C for 
three hours. Following this, the diaphragms were clamped in 
succession between flat steel rings of 2 in. inside diameter and 
their deflections measured with an optical lever. The pressures 
were applied by a piston gage which was attached to the pres- 
sure chamber. 


TABLE1 DEFLECTIONS OF 2-IN. WORKING-DIAMETER BERYL- 

LIUM-COPPER DIAPHRAGMS 0.01 IN. THICK 

Per cent of deflections 

at 100 lb per sq in. 
Pressure, - Ratio of 
lb per sq Flat Corrugated deflections 

in. , diaphragm? diaphragm > 
10 18.02 15.79 3.51 
20 33.69 29.77 3.58 
30 43 .67 41.97 3.89 
40 .80 52.37 3.94 
50 62.72 61.65 3.98 

71.00 70.09 4.00 
70 78.48 77.84 4.02 
80 85.50 10 4.03 
90 92.06 92.46 4.07 
100 100.00 100.00 4.05 
110 105.75 104.55 4.00 
120 111.05 110.71 4.04 
130 116.51 116.48 4.05 
140 121.40 121.59 4.06 
150 126.41 126.83 4.06 


* 100 per cent deflection = 0.01738 in. 
> 100 per cent deflection = 0.07040 in. 


The response of the two diaphragms is shown in Table 1. It will 
be noted that the ratio of the deflections is nearly constant over 
the entire range and that for a given pressure the deflection of the 
corrugated diaphragm was about four times that of the flat dia- 
phragms. Over a given range of deflection the corrugated dia- 
phragm behaves more nearly linearly, but for a given pressure 
range the two curves are quite similar. 

The use of the diaphragm-type pressure element has been 
generally restricted to low-pressure work. Its use in altimeters 
and other aeronautic instruments has been investigated by 
Theodorsen (7), and siso by Hersey (6) who presents a dimen- 
sional analysis of diaphragms and classifies the research problems 
for future solution. Béhar (8) has presented a résumé of the 
elastic characteristics of springs and diaphragms and has dis- 
cussed their effect on gage performance, which is of value to the 
instrument engineer. 

The limp diaphragm, which has been found useful in many 
applications, has been subjected to a mathematical analysis by 
Eaton and Buckingham (9). The change in effective area with 
displacements has been calculated by these authors for two cases 
of central support. 

An example of the use of the diaphragm in the measurement of 
high pressures is given by Berwald, Buss, and Reistle (10). 
They describe a gage having a pressure element made up of 50 
small diaphragms clamped together in pairs, as shown in Fig. 5. 


EXLINE—PRESSURE-RESPONSIVE ELEMENTS 


627 


Since the deflection for each such diaphragm under an over-all 
pressure of 2000 lb per sq in. is only 1.36 X 10~? in., the response 
curve is nearly linear. A multiplying mechanism was used to 
record the combined deflections of the 50 diaphragms. 


Tue Bourpon TuBE 


Perhaps the earliest form of elastic element utilized in the 
measurement of pressure is the device invented by Bourdon (11, 
12) after he had observed that in testing a coil of lead tubing it 
tended to uncoil or spread, due to the application of pressure. 
Modern forms of this element generally consist of a tube of ap- 
proximately elliptical cross section bent into the are of a much 
larger circle, one end of the tube being closed and the other end 
attached to the housing and to the pressure fitting. Application 
of pressure causes the elliptical section to tend to become circular 
and results in increasing the radius of curvature of the large arc. 
A suitable linkage indicates such increase by means of a rotating 
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(Twenty-five capsules, each having two diaphragms clamped face to face, 
are used. Diaphragms made of S.A. 6150 steel.) 
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pointer. Theoretical analyses of this member by Lorenz (13) 
and others (14) show that the change in angle subtended at the 
center by the large are is proportional to pressure. The sim- 
plicity of construction and reliability in use of devices employing 
such elements account for their nearly universal — to 
measurements of pressures over a great range. 

It is common practice to reduce wall thickness until then maxi- 
mum stresses approach the yield point of the material in order 
to secure the maximum possible motion of the free end of the Bour- 
don tube. Many gages of this type show some creep and hys- 
teresis when maximum pressures are applied over a considerable 
length of time. Although this can easily be remedied by a minor 
adjustment of the linkage and by resetting the pointer, this lack 
of permanent calibration is objectionable and has intensified the 
search for more stable elements. 
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Tue BELLOWS 


An elastic element admirably adapted to the measurement of 
pressure is the metallic bellows. This consists essentially of a 
deeply corrugated circular tube, each corrugation lying in a 
plane perpendicular to the axis of the tube. 

Fabrication of Bellows. Bellows are commonly formed from 
tubing either hydraulically or by rolling; they can be built up 
from stamped or spun annular diaphragms by welding or solder- 
ing; or they can be lathe-turned from solid stock. The appear- 
ance of the hydraulically formed bellows is much the same as 
that of the roll-formed bellows. In the first case, the tubing is 
expanded by pressure outwardly between dies, and at the same 
time the length is shortened by end thrust. The inside diameter 


Fie. 7 APPEARANCE OF METALLIC BELLOws AFTER LONGITUDINAL 
CoMPRESSION TO INCREASE THE NUMBER OF CONVOLUTIONS PER 
INCH 
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(A—Plates soldered together. B—Steel plates welded together; 
corrugation on each plate increases flexibility.) 


circular 


of the bellows is practically that of the original tube, while the 
length has been reduced to about one fourth its initial value. 
The roll-formed bellows is made from tubing of diameter greater 
than the final inside diameter but less than the final outside di- 
ameter. Fig. 6 shows the appearance of a cross section of a 
bellows formed either hydraulically or by rolling. It has the 
appearance of a series of flat annular diaphragms or plates 
connected by semicircular rings. In the discussion which follows 
a convolution will include two plates and the connecting ring 
between them, the convolution being called inner or outer as the 
connecting ring is on the inner or outer diameter. The wall 
thickness is ¢ at the midsection of a plate, t, at the outermost 
point of an outer convolution, and ¢, at the inside diameter. 

A hydraulically formed bellows will have the least amount of 
cold working at ¢, and the greatest at ¢,. A roll-formed bellows 
will have approximately equal cold working at ¢, and ¢,, and the 
least at ¢. 
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The stiffness of a given length of bellows is inversely propor- 
tional to the number of convolutions per inch and can be reduced 
by mechanically compressing the length of the bellows, forcing 
more convolutions to occupy the same length. The bellows sec- 
tion then has the appearance shown in Fig. 7. This form is 
generally preferred since, for a bellows of given length, it will 
permit greater deflections and have less stiffness than the form 
shown in Fig. 6. 

The bellows built up of preformed annular diaphragms may 
have various cross-sectional shapes. Fig. 8A shows a bellows 
built up of plates soldered together, and Fig. 8B shows one in 
which the plates are welded together. These bellows can be 
made with a much greater ratio of outer to inner diameters than 
those formed from tubing, and the plates can be corrugated to 
give an increased flexibility. Because such built-up bellows 
have several inherent disadvantages for use as pressure elements 
they will not be considered further. 

Fig. 9 shows a bellows which was turned from a ring forging, 
a rather costly procedure required only by special applications. 

Bellows Materials. A wide variety of materials can be used in 
the fabrication of bellows, such as brass, bronze, monel, beryllium 
copper, and sometimes steel. The material must have drawing 
properties which will enable it to go through the forming step 
without harm. The elastic properties of the bellows will depend 
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on the method of forming and the effect of cold working on the 
material. 

Several years ago it was thought that a bellows of superior 
elastic properties could be secured if it were formed from a good 
grade of spring steel. Accordingly, tubing of chrome-moly 
steel was obtained and formed into bellows by rolling after an- 
nealing. The bellows were disappointing since the inadequate 
forming machinery available at that time caused die marks and 
scratches which started fatigue cracks and caused early failure. 

When beryllium copper became commercially available, it was 
justly welcomed as an excellent material for the construction of 
bellows, since in the annealed condition its ductility and draw- 
ing properties approach those of copper, thus permitting the 
formation of the bellows without injury to the material. The 
subsequent heat-treatment consists of soaking for 3 hr at 275 ©, 
a condition ideal for obtaining the same treatment for every point 
on the bellows and which gives a tensile strength of 150,000 to 
180,000 lb per sq in., a much higher yield point and, in general, 
elastic properties quite superior to those of other nonferrous 
materials used for this purpose. 

Mounting. A bellows, especially one long in proportion to its 
diameter, becomes unstable and tends to buckle when pressure is 
applied internally and a load is applied to one end, since each con- 
volution tends to increase in length. In better designs the pres- 
sure is applied externally so that each convolution attempts to 
shorten and exert a pull upon the adjacent convolutions, thus 
tending to keep the bellows straight. For this reason, gages 
utilizing this latter design must be constructed accordingly, even 
though such an arrangement is considerably longer. 

Calculation of Effective Area. In designing a bellows gage, 
the effective area, the stiffness, and the maximum deflection of 
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TABLE 2. DIMENSIONS OF A SERIES OF BELLOWS TESTED 


A, in. B, in. 
4.000 
0126 
0455 
7898 
7752 
5261 
5261 
3903 
3905 
1078 
1965 
2425 


Material a, in. 


Steel 

Monel 

Bronze 

Monel 

Bronze 

Monel 

Bronze 

Monel 

Bronze 

Silicon bronze 
Beryllium copper 
Beryllium copper 


Bellows 


— 


TABLE3 COMPARISON OF CALCULATED AND EXPERIMENTAL 
VALUES OF Ae AND Ko 


-——-~—- Effective area, sq in.— —— 
Calculated -——-Experime ntal—— 
from Liquid 
Equation Load- dis- 
2) pressure placement 


Bellows stiffness per 
convolution, lb per in. 
Cal- Oo 


Bellows culated 


3622 


the bellows must be considered. An approximate value of the 
effective area can be obtained by considering each plate to act 
as a plane annular diaphragm of radii a and b. Conventional 
formulas for the deflection of flat plates can be used (15). As- 
sume a load W applied to the inner edge of a flat annular plate 
clamped at the edges, which will give a deflection equal to and 
opposite that given by a uniform pressure p over the plate. 
Equations for the deflections under the two conditions can then 
be equated and solved for W/p. If A, be the effective area of 
the plate, then A,p = W, and W/p = A,. To find the effective 
area A of the bellows, the area of the central portion rb? must be 
added to this. Then 


16c? 
c? — 1 


ct + 3 — 4c7(1 + loge c) + 
1+ —— 


(loge c) 
— 


A, = wb? = 


2 
ay 
where c = a/b. The dimensions of a series of bellows and a 
comparison of values of A, computed by Equation [2] with ex- 
perimental values for the series of bellows are given in Tables 2 
and 3, respectively. 

Although application of the flat-plate theory can be made to 
bellows with at least fair accuracy in computing effective areas, 
its results, in computing stiffness, are almost qualitative. It was 
expected that the curvature at the edges would act to increase the 
inside radius and to decrease the outside radius, thus causing a 
stiffness greater than calculated. Instead it was found to be the 
other way around, i.e., the calculated stiffness was about twice 
the value found experimentally. The increased curvature caused 
by compressing the bellows to obtain a greater number of convolu- 
tions per unit length appears to have practically no effect on the 
effective area, but it does increase the stiffness somewhat and 
decrease the maximum deflection. 

Experimental Determination of Bellows Stiffness and Effective 
Area. Several types of experimental arrangements have been 
used in determining the behavior of the bellows. To test long 
small-diameter bellows, they are mounted in a heavy-walled tube 
as shown in Fig. 10, one end is sealed to a plug closing one end of 
the tube, and the other is sealed to a shaft which extends through 
the open end of the bellows at the top. The lower end of the 
shaft is attached to a suitable spring anchored to the lower end 
of the tube. An initial tension can be placed on the bellows by 
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pulling down the spring anchor with an adjusting nut. A dial 
gage, reading in thousandths of an inch, is mounted on top of the 
tube with its spindle resting on the top of the shaft. Connection 
is made to a piston gage by copper tubing attached to an opening 
at the lower end of the tube. If K, = stiffness of the restraining 
spring, lb per in.; K, = stiffness of the bellows, Ib per in.; A, = 
effective area of the bellows, sq in.; p = applied pressure, lb per 
sq in.; and FE = deflection of the bellows (or shaft) from initial 
position, in. (positive for decrease in length); then 


(Ke + KE 


Ae 
RK, 


pAe = 


The response curve of the bellows is found to be linear over a 
range equal to 5 to 10 per cent of the bellows length and can be 
expressed as 


where m is the slope of the response curve. 
tions [3] and [4] it is seen that 


Comparing Equa- 


By carrying out the experiment with a second spring of stiffness 
K,’ a second relation is obtained 


and, from Equations [5] and [6] expressions for bellows stiffness 
and effective area are 


50. gg 250 635 
1249 0206 267 
711 [0187 203 
568 0184 214 
085 0176 160 
754 0149 120 SHAFT 
768 0137 145 
983 #0095 as RY 
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5 2.767 2.793 2.742 6847 4938 
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7 1.355 1.354 1.335 9194 5501 \= 
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mm'(K,— K,’) 


m'’—m 


and Ae = 


A modified arrangement, shown in Fig. 11, is used where the 
inside diameter of the bellows is sufficiently large. The upper 
end of the bellows is soldered to a flange which is clamped across 
the top of a suitable chamber. The lower end of the bellows is 
closed by a very thick bottom plate. The lower end of a stiff rod 
rests on a steel ball at the center of the bottom plate and its 
upper end is rigidly attached to a yoke on which weights can be 
placed below the chamber, the arrangement being such that the 
center of gravity of the weights is below the ball point of support 
so that no guides are needed for the rod. A dial gage indicates 
displacement of the rod as pressure is applied by a piston gage. 
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For each load W on the yoke, the response of the bellows to pres- 
sure is observed, the equation of the curve having the form 


It is found that n varies linearly with the load in the following 
manner 


A family of curves Equation [9] obtained with different loads can 
then be expressed 


From the conditions of the experiment, v is the reciprocal of the 
bellows stiffness and wu is the effective area divided by the stiff- 
ness, so that 


K, = 1/v and A, = u/v 


In certain cases, the effective area was also determined by still 
another method, that is, by filling the bellows with liquid and 
measuring the volume displaced by a measured movement of the 
bottom plate. 

The experimentally determined values of K, and A, for the 
bellows whose dimensions are listed in Table 2 are presented in 
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Table 3. The values of K, are given as the stiffness of a single 
convolution since a length of bellows can be chosen to secure any 
desired stiffness. 

Several considerations enter into the determination of the 
maximum safe deflection. A bellows can be compressed until the 
convolutions contact each other, at which point the stiffness will 
suddenly rise. Further compression increases the contact areas 
until the effect of a thick-walled tube is approached. Going to 
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the other extreme, excessive extension of the bellows will cause 
the convolutions to take the shape of a series of truncated cones, 
at which point the stiffness rises sharply. Between these two ex- 
tremes there is a considerable range over which the response to 
pressure is sufficiently linear for all practical purposes. In locat- 
ing the limiting values of compression and extension, the arrange- 
ment as shown in Fig. 11 is used. With no pressure applied to 
the chamber, the load on the yoke is increased in small increments 
and the bellows extension observed. When it has been observed 
that the movement per unit increase in load has sensibly changed, 
the load is removed, and pressure is applied in small increments, 
thus compressing the bellows. The response curve is then 
plotted, and the range over which the response is sufficiently 
linear is obtained. 

The linearity of response is shown by the curves of Fig. 12 
secured with bellows No. 11. The general equation for this 
bellows was 


E = 0.0003296p + 0.002024W 


With the arrangement showr in Fig. 10, the response curve is 
also influenced by the behavior of the spring. The springs used 
in the tests were cold-wound from preheat-treated chrome-vana- 
dium 8.A.E. 6150 steel, normalized for 1 hr at 550 F, and sub- 
jected to 3000 cyclic applications of a 10 per cent overload while 
immersed in an oil bath at 180 F, the normal load being considered 
as the greatest load to be applied during the test. 

Tables 4 and 5, respectively, show the results of test runs made 
with silicon-bronze and with beryllium-copper bellows. The 
deviation from a straight line is computed from an arbitrary 
straight line passing through the two end points of each response 
curve. Curves of the deviation expressed as per cent of maximum 
deflection plotted against per cent maximum deflection are shown 
in Fig. 13, which emphasizes the great superiority of beryllium 
copper as a bellows material. ' 

The hysteresis of these bellows is expressed as the percentage 
difference, based on the maximum deflection, between the de- 
flections for a given pressure, measured with pressure increasing 
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TABLE 4 DATA OF A BELLOWS 
WITH OUTSIDE DIAMETER OF 0.595 I 


Spring 8A2 Spring 
res- 

Deviation sure, Hyster- 

from str. esis, 

line, in. in. ‘ in. 


Deviation 
from str. 
line, in. 


Hyster- 


_ 


* Spring stiffness = 338.3 lb per in. 
+ Spring stiffness = 231.8 lb per in. 


TABLE 5 RESPONSE DATA OF A BERYLLIUM-COPPER BEL- 
LOWS WITH AN OUTSIDE DIAMETER OF 0.608 IN. 


Spring 1B¢ Spring 4C> 
Defiec- Hyster- Deviation Pressure, ‘Bef 
i i from str. per 
line, in. sq in. 


Deviation 
from str. 
line, in 


Pressure, 


_ 


* Spring stiffness = 468.2 lb per in. 
> Spring stiffness = 164.4 lb per in. 


and with pressure decreasing. The hysteresis of the restraining 
spring is included in these measurements, but because of the 
prior treatment of the spring and the excellent elastic properties 
of the material it should be quite low and constant. It has been 
observed that the maximum hysteresis of a given bellows de- 
creases with the number of cycles the bellows has undergone. 
In nearly all cases, the hysteresis is less than 1 per cent of the 
maximum deflection. Fig. 14 shows typical hysteresis curves. 
Application of Bellows in a Pressure Gage. Application of the 
bellows type of pressure element has been made in a pressure 
gage for use in measuring oil-well pressures (16); a diagram of 
this gage is shown in Fig. 15. No multiplication is used in this 
gage, the recording stylus being attached directly to the upper 
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(Curve A is for a 0.608-in. outside diameter be meet bellows with a 

spring of stiffness of 468.3 lb perin. Curve B is for a 0.608-in. outside diame- 

ter beryllium-copper bellows with a = of stiffness of 164.4 lb perin. Curve 

C is for a 0.595-in. outside diameter silicon-bronze bellows with a spring of stiff- 

ness of 231.8 lb 4 in. Curve D is for a 0.595-in. outside diameter silicon- 
bronze bellows with a spring of stiffness of 338.3 lb per in.) 
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spring of stiffness of 338.3 lb per in.) 


9090 © | 


6 Be 


LAND. 
= 


= 
tt 


OR OR 


Fig. 15 Secrionat View or Be.tows Gage Usep ror MEAsuRING PREssuURES IN WELLS 


“tie 
500 [M1942 0.0124 -0.0070 300 0.1589 —0 0052 
1100 [M4324 0.0188 —0:0100 600 0.3198 f.0202 0084 
1900 #7574 0.0124 —0.0068 1000 0.5380 ff-0227 —0.0091 
200 0732 —0.0002 = 
400 1434 —0.0012 
600 2159 —0.0012 
800 2891 —0.0011 
te 


632 TRANSACTIONS OF THE A.S.M.E. 


end of the shaft by means of a flat spring. The corrosive and 
abrasive fluids in the well are prevented from mixing with the 
clean oil used for transmitting the pressure to the gage element 
by using a highly flexible secondary bellows as a separatory mem- 
brane. Because of its large area and great flexibility, this second- 
ary bellows has practically no effect on the gage calibration. In 
investigating the accuracy of this gage, 1174 pressure measure- 
ments were made, using an accurate piston gage as a standard 
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source of pressure. The distribution of errors expressed as per 
cent of the full scale of deflection is shown in Fig. 16. It will be 
seen that over 60 per cent of the measurements were in error 0.1 
per cent or less and that none of the measurements were in error 
by more than 0.7 percent. Also, 50 per cent of the measurements 
were less than 0.075 per cent in error. In other words, the 
“limit of error” is practically ten times the “probable error.”’ 


CoNCLUSION 


While comparing favorably with other pressure elements, the 
metallic bellows as a pressure element has several disadvantages: 
To keep the maximum stresses below the elastic limit of the 
material it must have a length of approximately ten times the 
desired deflection, and the restoring spring must be immersed in 
the pressure transmitting fluid, which arrangement does not per- 
mit easy adjustment. On the other hand, it has the advantage 
that a stiff restoring spring having excellent elastic characteristics 
can be used. 

Pressure-responsive elements which depend upon the elastic 
properties of material can all be made equally accurate provided 
the indicating mechanism does not affect the response of the 
element through frictional effects and that each can be made of 
the same material. Since a mechanical linkage is required in 
order to indicate the deflection and generally to translate it into 
terms of pressure as well, an unavoidable result is that friction of 
varying magnitude is introduced in opposition to the response of 
the element. The error brought about by this means not only 
depends on the magnitude of the frictional work done in operat- 
ing the linkage, but also on the magnitude of the total energy 
which can be stored in the element itself. This latter may be 
expressed by the integral of p dv from zero to the maximum vol- 
ume change of the element. A bellows gage using a bellows with 
an effective area of 0.163 in., giving 1-in. motion for a pressure of 
3000 Ib per sq in., and having, with the restraining spring, a 
combined stiffness of 490 lb per in., will thus be able to store a 
total energy of 245 in-lb. The friction ordinarily encountered 
in instrument linkages would be negligible in a case of this nature. 
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3p(m? — 1) 
16m*Et? 


However, F. E. Fuller of the laboratory with which the author of this 
present paper is associated has called attention to the fact that the 


term 
16a*b? a\? 
a? — b? (10%. 


should be added inside the brackets. - 

16 “A Precision Gage for Subsurface Pressure Measurements, 
by Paul G. Exline, Drilling and Production Practice, 1936, American 
Petroleum Institute, (1937), p. 116. 
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Application of Temperature Controllers 


By EDMUND D. HAIGLER,' SHARON, MASS. 


The author, like many others interested in the applica- 
tion of instruments to process control, has felt the need of 
an analytical approach to the problem, particularly in the 
case of temperature control, which includes the more 
common as well as the more difficult processing problems. 
He suggests a classification of controllers as on-and-off, 
floating, proportional narrow-band, proportional wide- 
band, and proportional reset types. He then proposes a 
classification which considers the controlled process equip- 
ment as types of heat exchangers. Starting with counter- 
current exchangers, he considers the control requirements 
of the various simple and compound types, and identifies 
the design factors favoring controllability as minimum 
transportation and transfer lags, minimum temperature 
difference, and maximum ratio of demand-side to supply- 
side thermal capacity. Next he considers a few practical 
examples. Finally, he discusses the pitfalls of unsys- 
tematic behavior of the control system. 

The author seeks critical comment, and urges cooper- 
ative effort so that some theory of control application soon 
may be developed on a quantitative basis. 


NSTRUMENT application work in the process industries 
| consists of a series of individual problems, sometimes involv- 
ing single operations, sometimes processes as a whole. We 
may solve these problems intuitively from our experience, or 
analytically by going back to fundamental principles of physics 


and engineering. The first approach can be successfully used 
only by those having years of experience, and even then only 


for problems within the scope of that experience. At best it is a 
method surrounded by doubt because of the uncertainty as to 
the significant resemblance of the new problem to a previous 
problem never quite identical. Dispelling these doubts usually 
requires much cut-and-try experimentation with attendant costs 
and delay. The second approach requires intricate and laborious 
reasoning with a worthless result as the penalty for incorrect as- 
sumptions or erroneous steps. Yet, in following this course, one 
soon notices that though problems as a whole rarely recur, 
their elements often do. Through development and testing of 


1 Formerly Engineer, Viscose Rayon Research Department, E. I. 
du Pont de Nemours & Company, now Application Engineer, The 
Foxboro Company. Mem. A.S.M.E. Mr. Haigler was graduated 
from Harvard University in 1927 with a B.S. degree in me- 
chanical engineering and business administration. Following a year 
as American-German exchange student at the Technische Hoch- 
schule in Dresden, and a year of study tour, he was employed by the 
Chevrolet Motor Company on development work. In 1930 he was 
employed by du Pont as instrument engineer at the Belle, W. Va., 
high-pressure synthesis plant, later having charge of instrument 
development and application. In 1933 he was transferred to Buffalo 
as Cellophane process engineer. Later he was assigned to rayon proc- 
ess work at the several plants. In 1938 he became associated with 
The Foxicro Company. 

Contributed by the Industrial Instruments Committee of the 
Process Industries Division and presented at the Fall Meeting of 
Tue AMERICAN Society OF MECHANICAL ENGINEERS, held at Erie, 
Pa., October 4-6, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


hypotheses in regard to recurring elements, derived theory is 
readily established. Then, since theory—correctly applied— 
and practice must always agree, and since errors are far less likely 
in the application of specialized derived theory than in the long 
reasoning process starting from remote basic assumptions, an 
analytical approach becomes practical, and the shortest, surest 
way to a sound solution of the problem. 

To users, the development of such working theory for applica- 
tion problems is tremendously important. Since application is 
their natural viewpoint, problems and the instruments used in 
solving them are classified in terms of characteristics significant 
in application. It has been found that industrial instruments are 
generally excellent as to materials and workmanship, and failures 
from internal causes are extremely rare. Thus, in most cases, an 
installation stands or falls according to the correctness of the 
application. Therefore, the author believes that the fuller utili- 
zation of instruments with attendant benefits in reduced costs, 
improved quality, and better working conditions will be furthered 
by a sharing of pertinent application knowledge, and a coopera- 
tive development of theory. 

To instrument manufacturers, the development of such theory 
is likewise important, if, as the author believes, potential market 
development does depend largely upon it. Industrial instru- 
ments, as producers’ goods, have their greatest market when sold 
on merit, and merit becomes apparent only in successful appli- 
cations. Although some instruments may be bought for a va- 
riety of reasons, their rational market lies principally in oper- 
ation for maintaining process conditions already established. 
Knowledge of desirable process conditions necessary to the ex- 
tension of this preferred market need not be left to come natu- 
rally through chance experience, but may be rapidly extended 
through encouraging the process industries to solve such problems 
scientifically. This requires a wider use of instruments in re- 
search for providing objective data in quantity and under con- 
trolled conditions for engineers to interpret and finally to use 
in determining control requirements. Thus we see, both in re- 
search and in operation, that instruments are only scientific tools 
helpful to skilled engineers in solving a problem, never the solu- 
tion itself. This concept of instruments as tools, requiring proper 
use, again emphasizes the importance of correct application. 
Corollaries to correct application are, of course, the production of 
instruments fitting application requirements, and the abandon- 
ment of emotional selling as incompatible with the fostering of 
rational buying necessary to the fullest utilization of industrial 
instruments. 

Since a method for applying control equipment can be so 
generally useful, the development of suitable theory is a worth- 
while function of the A.S.M.E. Industrial Instruments Com- 
mittee. In the hope of stimulating more intensive study of the 
subject, a qualitative approach to the application of temperature 
controllers is submitted for criticism. This method has been 
found simple enough to explain quickly, to others of varying 
technical background, the reasons for selecting certain instru- 
ments and for advocating certain process-equipment design. 
It is hoped that it is also comprehensive enough to be useful in 
developing rapidly the judgment of others entering control engi- 
neering work. 

All of the material presented herein will be familiar, even trite, 
to control specialists. It is not intended for their information, 
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but is submitted for verification as to accuracy and complete- 
ness, and evaluation as to its possible usefulness. 

Since each specialist must have developed equivalent technique, 
conscious or unconscious and more or less detailed according to his 
needs, this paper will attempt to cover only the application of 
temperature controllers to continuous processing, with particular 
reference to the pneumatic types with which the author recently 
has had most todo. It is hoped that other fields may be covered 
fully in the discussion. 


CLASSIFICATION OF CONTROL EQUIPMENT 


Automatic temperature-control equipment may be grouped 
into four main classes, which, however named, seem to be coming 
into general usage. Perhaps additions or modifications may be- 
come necessary, but for the present let the classification be: 


1 On-and-off, or fixed-position 
2 Floating 
3 Proportional 
Narrow-band 
Wide-band 
4 Proportional reset. 


On-and-Off or Fixed-Position Control. Let fixed-position con- 
trol signify that type wherein valve motion is rapid and the 
temperature range between adjacent control positions is very 
small, always less than 1 per cent of the scale width. (In elec- 
tric-contact types this range may become practically zero.) 
Fixed-position control has a discontinuous, or nonproportional, 
characteristic. 'Two-position control is the most important fixed- 
position type. It includes not only the on-and-off electric and 
pneumatic types, but also high-and-low types which are equiva- 
lent to on-and-off types with a by-pass, and even some so-called 
three-position controls which are merely two-position with more 
than the minimum possible dead space. Since the action of 
fixed-position control having three or more positions ranges 
intermediate between two-position or on-and-off control and 
proportional control, from which limiting cases the control action 
can be inferred, only these limiting cases will be considered 
further in this paper. 

Let on-and-off control signify that fixed-position type wherein 
with a temperature on one side of the control point the valve is 
wide open; with a temperature only slightly different but on the 
other side of the control point, the valve is shut. On-and-off 
control using simple globe or balanced disk valves is simple and 
cheap, particularly where large valve sizes are required. It pro- 
duces sharp, usually cyclic, changes in temperature and in supply- 
medium requirements. Sometimes this is desirable, sometimes 
immaterial, and sometimes definitely detrimental. 

Floating Control. Let floating control signify that type wherein 
valve motion is relatively slow, so that normally the on-and-off 
response of the instrument does not produce valve motion to the 
limits. In an electric type, for example, the valve motor may 
run continuously first in one direction and then in the other in 
accordance with the action of the on-and-off control, thus keeping 
the valve slowly oscillating. In another type with high-off-low 
contacts there is a definite inert space, or dead zone, between the 
two contacts, further limiting valve motion. For the most part 
floating control is offered now only in the electric and hydraulic 
types. Floating control may be adjusted to avoid the violent 
changes in thermal-demand characteristic of on-and-off control. 
However, this gain is made at the sacrifice of liveliness and rangea- 
bility. Floating control cannot handle rapid or wide fluctu- 
ations in load as well as on-and-off control. 

Proportional Control. Let proportional or throttling control 
signify those types wherein the valve position is proportional to, 
or corresponds with, the temperature within a certain control 
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band. The valve is closed at one side of the control band or 
throttling range and open at the other. For each intermediate 
valve position there is a corresponding temperature in the control 
band. As the load varies, corresponding valve openings and 
positions are required, and the controlled temperature wanders 
accordingly within the limits of the control band. This wander- 
ing or “drift’’ of the control point is often a serious limitation 
to the use of proportional control. However, proportional control 
using valves of smoothly graduated flow characteristics, normally 
operates by making minute and gradual adjustments. This 
characteristic is frequently desired, and in some cases may be 
absolutely necessary to avoid interaction of several controls on 
one system. 

Proportional Narrow-Band Control. Let proportional narrow- 
band control signify that proportional type wherein the control 
band is but a small fraction of the scale width, say less than 10 per 
cent. Proportional narrow-band control includes not only many 
pneumatic controllers, but also self-actuated types and some 
electrical types. Usually with moderately steady loads the 
drift may be neglected. Even with varying loads the drift is 
small when the control band is quite narrow. 

The majority of temperature-control problems are best handled 
by one of the simpler types of control just described. From 
a practical point of view this is highly desirable, because 
simplicity usually is reflected in ruggedness and in economy of 
purchase and operation. Only in a few cases are the following 
types necessary, and even some of those cases might be avoided 
by a better appreciation of control equipment and controllability 
by the process-equipment designers. All too frequently, nothing 
more than minor changes in the equipment or in the process are 
required to make on-and-off or narrow-band control feasible in 
place of the following complicated types. 

Proportional Wide-Band Control. Let proportional wide- 
band control signify that type wherein the band of proportional 
response is wider than 10 per cent of the scale range, extending 
in some cases over the full scale range of the instrument, or even 
(in effect) far beyond. Through widening of the control band, 
the increments of control-valve travel for a given incremental 
temperature change are reduced, making the control corrections 
correspondingly less sudden and less upsetting to the process. 
But like all proportional controls, the actual control point may 
be anywhere within the control band, depending on the load at 
the moment. The wide control band brings the possibility of 
great and perhaps excessive wandering of temperature with 
varying load conditions. However, there are sometimes appli- 
cations in which wide-band control is required for stability, 
but where either moderate accuracy requirements or relatively 
stable or stabilized conditions make this the preferable type. 
For example, on a multiple installation it may be much cheaper to 
insure steady supply-medium pressure anc. temperature through 
controls on the supply-medium system than to provide each proc- 
ess instrument with automatic reset to overcome the unfavora- 
ble conditions. 

Proportional Reset Control. Let proportional reset control* 
signify that proportional type—usually wide-band—wherein the 
valve position relation is reset automatically to compensate for 
the deviation of control point with load change characteristic of 
simple proportional control. Since such control is usually applied 
to a process responding rather slowly to control changes, where 
gradual corrections are needea, not violent on-and-off responses, 
and since too rapid a reset rate will result in excessive corrections 
and thus upset the process, relatively long time delays are pro- 
vided for in the reset mechanisms. It must not be forgotten that 


2 Proportional reset control is referred to by some as proportional 
control with a superimposed floating characteristic, whence it may 
also be known as proportional plus floating control. 
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even with a reset, the initial response of the instrument involves 
deviation of the control point, just as with simple proportional 
control, and only as the reset mechanism slowly acts is the devi- 
ation slowly corrected. A control with automatic reset is a 
relatively complicated and expensive type, a new tool for solving 
difficult control problems, but not a cure-all. It avoids, on the 
one hand, the continuous and violent hunting of an on-and-off 
narrow-band instrument on a process slow in response to con- 
trol, and on the other, the wandering characteristic of wide-band 
instruments without reset. It is the only proportiona)] control 
capable of high accuracy under varying loads. 

In addition to the common use of proportional reset control to 
secure automatic correction for drift, this type has a less known 
field in the control of extremely rapid variables. When pro- 
vided with rapid reset, proportional reset control is extremely 
lively; hence it is able to cope with rapidly varying conditions 
better than simple controllers. 


CLASSIFICATION OF PROBLEMS 


Just as the many instruments are bewilderingly complicated 
to the average user who has not classified them, so the many 
processes used today are to those having only casual contact with 
them. The ever-ircreasing multitude of application problems 
cannot be solved by simply compiling for each class of instruments 
a list of suitable applications, for there would be trouble on the 
one hand from the infinite length of such lists, and on the other 
from the difficulties of defining each and every type of applica- 
tion to locate or relocate it on a list. Neither can those con- 
cerned with the selection and application of control instruments 
have very close or extended contact with the processes. Hence, 
a simple classification of problems is. necessary for the trans- 
mission of information. 

Fundamentally, each temperature-control problem is one of 
regulating heat exchange. Therefore, classification of problems 
according to equivalent type of heat exchanger seems indicated. 
Significant items in heat-exchanger design are the media 
quantities, temperatures, heat requirements, heat-storage capaci- 
ties, and the amount of heat-transfer surface and its effective- 
ness. This effectiveness depends on many factors, but most im- 
portant, perhaps, are the film coefficients, in turn dependent on 
the media, and their temperatures and velocities. Naturally, 


| LLLLL Ad 


Fic, 2 


Heat ExcHANGER SHOWN IN Fia. 1 WitH TRANSPORTATION 
LaG ADDED 


DEMAND 


SUPPLY 


Fie. 4 Cocurrent Heat EXCHANGER 


in any application, several of these items will be fixed, but it is 
nonetheless important to check through the various items. It 
is convenient to represent some of the magnitudes on a diagram, 
as in Fig. 1. Here the supply and demand sides are represented 
by two contiguous rectangles, the length of the crosshatched 
common wall signifying the amount of heat-transfer surface, the 
thickness indicating the thermal resistance. The width of each 
area signifies the thermal capacity per unit of heat-transfer sur- 
face, whence each area indicates the tota] thermal capacity on 
that side. Flow connections are shown with flow directions in- 
dicated by arrows. If needed, heat quantities and the tempera- 
tures may be written in at these points as H, (heat demand) 
and H,, Tz, (temperature at demand-side outlet), 7 ,,, T,,, and 
T.,.. The location of the sensitive element? is indicated by S, 
while the control element, operated through the instrument in 
response to its sensings, is shown as the valve V, regulating the 
supply of control fluid. 

In continuous processes the heat supply and demand are, on 
the average, equal. The effect of the thermal capacity on 
momentary fluctuations is determined by the amounts of stored 
heat absorbed or released during a temperature fluctuation in 
comparison with the steady-state heat quantity. Obviously, 
if the storage heats (products of thermal capacities by tem- 
perature fluctuations) are negligible in comparison with the 
steady-state heat quantity, their effect on control is insignificant. 
When, however, the storage heat is an appreciable quantity, as 
is usually the case, the effects of thermal capacity must be care- 
fully considered. In batch processes the heat balance approaches 
the limiting case where all of the heat requirement is storage heat. 

Simple Heat Exchangers. Consider now several typical simple 
liquid-liquid heat exchangers, each with the same demand con- 
ditions and same heating surface, but with different thermal 
capacities and directions of flow. Fig. 1 represents a simple 
concentric-tube (pipe within a pipe) exchanger connected for 
countercurrent or opposed-flow operation with the small inner 
pipe on the supply side and the large annular space on the load 
side. The temperature-sensitive element S is located in the 
outlet of the exchanger, or in the pipe immediately adjacent 
thereto. In this heat exchanger a temperature change as a result 

3 The sensitive element of a temperature controller need not 


necessarily be temperature-sensitive. 
boiler a pressure-sensitive system is used for temperature control. 
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of any upset in the balance of heat demand and supply reaches 
S in a minimum time. Consequently, with on-and-off control 
the heat-input pulses are of short duration and correspondingly 
small in amplitude. With the ratio of thermal capacities indi- 
cated, the outlet-temperature cycle-amplitude is especially small. 
The small quantity of heat available from the low capacity on the 
supply side of the heat exchanger, as the control valve shuts at 
the end of a cycle, is able to raise the temperature of the high 
capacity on the demand side only a slight amount before it de- 
clines again under the influence of new material flowing into the 
demand side of the heat exchanger. Obviously, at higher loads 
the overshoot is reduced and the decline in temperature follows 
more quickly with corresponding improvement in accuracy of con- 
trol. Conversely, at lower loads the cycles are worse. Thus 
we see why a very much underloaded heat exchanger on open-and- 
shut control may cycle badly, while when adequately loaded it 
controls very closely. 

Similarly, with proportional control the heat exchanger shown 
in Fig. 1 controls accurately. Since the heat exchanger can follow 
rapid control changes without hunting, operation of the con- 
troller is feasible with a quite narrow control band, and conse- 
quently with little drift. The favorable capacity attenuates 
temperature fluctuations, thus tending toward stability. As be- 
fore, at light loads the effect of fluctuations is magnified, thus 
tending toward instability. For this reason a very much under- 
loaded heat exchanger on proportional control may break into 
a cycle. Increasing the control band width and thus lowering 
the sensitivity overcomes this, but drift is increased. 

Fig. 2 represents an exchanger exactly similar to that shown in 
Fig. 1 except that the sensitive element is moved some distance 
away from the heat exchanger. The time for a temperature 
change to reach location S’ is much greater than to reach S. 
With on-and-off control the on-and-off periods are correspond- 
ingly lengthened, and the resulting cycle amplitude is greatly 
enlarged. With proportional control, the control band must be 
much wider than before to make the belated valve corrections 
less violent and to allow a wider range for deviations before the 
limits of proportionality are reached. Thus, with either type of 
control a large “transportation lag’ entails poorer control. 

It is also interesting to note that poor heat transfer in the heat 
exchanger or slow response of the thermal system has an effect 
somewhat similar to transportation lag, which may be called 
“‘transfer lag.” Insufficient or dirty heat-exchange surface and 
poor film coefficients from inadequate velocities result in high 
resistance to heat transfer, correspondingly high thermal poten- 
tials between the sides of the exchanger, and ensuing control 
difficulties. Similarly, short and thick or heavy bulbs in air or 
other poorly conducting media, and dirt or loose-fitting and 
poorly conducting wells covering the bulb on the one hand, and 
restricted circulation past the element on the other hand can 
produce a large transfer lag to the thermal element and delay 
its response surprisingly. This is serious since the thermal- 
element response should always be rapid in comparison ‘with the 
process it is controlling. 

Transportation lag and transfer lag together comprise the 
‘response lag” of thesystem. Response lag, meaning the interval 
between initiation of a temperature change and the initiation of 
a corrective response, must be kept small for best control. Trans- 
fer lag is reduced by increased thermal potential, whence in cases 
of extreme transfer lag, normally unfavorable capacity ratios 
may control better since the thermal potential available for con- 
trol has not been attenuated. Transportation lag is unaffected 
by thermal potential, being reduced only by reduction of the time 
interval, as by relocation of the thermal element, by reduction in 
preceding volume, or by increase in flow velocity. 

Fig. 3 represents another exchanger similar to that shown in 
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Fig. 1, but with the load and supply sides interchanged. The 
small central pipe is now the demand side while the large jacket 
space is the supply side. The ratio of thermal capacities of the 
demand and supply sides of the exchanger has been greatly 
altered. With on-and-off control, the cycles are very large. 
The heat available from the large capacity on the supply side 
of the exchanger after the control valve closes causes a tempera- 
ture overswing in the small capacity of the load side many 
times that which results in the case represented by Fig. 1. 
A large capacity on the load side is favorable, diminishing and 
smoothing out the variations; on the supply side it is unfavor- 
able, amplifying the variations. With proportional control the 
situation is likewise unfavorable, wide-band control being re- 
quired for stability. 

Heat-storage effects depend not alone on thermal capacity; 
temperature levels are also significant. When the temperature 
difference is large, the quantity of heat potentially transferable is 
large, and difficulties are accentuated. With on-and-off control, 
cycle amplitude is large; with proportional control, cycling can 
be avoided only by wide-band control with the attendant 
disadvantages. A small temperature difference is conducive to 
good control, and sometimes when little else is possible, merely 
reducing temperature difference will improve controllability 
greatly. In milk pasteurizers, for example, the milk is heated 
not by steam directly, but by circulated water heated to a con- 
trolled temperature only slightly higher than the setting of the 
milk temperature controller. Large transfer lag is always to be 
avoided because it requires large temperature differences or 
thermal potentials which can produce large overswings. 

Fig. 4 represents the cocurrent, or parallel-flow type, the last 
of the simple heat exchangers. Except for the direction of 
supply-medium flow, it is similar to the case represented by Fig 
1, but this single difference is quite significant. Not only is the 
transportation lag obviously increased over its value in the former 
case, but also the transfer lag is greater. In a cocurrent heat 
exchanger, the media approach the same outlet temperatures 
A cocurrent exchanger is a ‘‘temperature leveler,” and the aver- 
age temperature difference is large. In a countercurrent unit, 
the supply medium discharges near the demand-medium inlet 
temperature, and the demand medium discharges near the supply- 
medium inlet temperature. A countercurrent exchanger is 
“temperature exchanger,” and the average temperature differ- 
ence issmall. Like countercurrent heat exchange, cocurrent 
also adversely affected by unfavorable thermal capacity. 

Mized-Current Heat Exchangers. Many heat exchangers are 
neither countercurrent nor cocurrent, but a mixture of the two 
types. Usually, the transportation lag is excessive and the 
transfer lag greater than need be, with poor controllability the 
result. Mixed-current heat exchangers may be classed with co- 
current as difficult to control. In the bent-tube types they may 
be even worse than cocurrent, because fluctuations in supply 
or demand may cause local temperature deviations simultane- 
ously in the several passes. Successive responses of the therma! 
element to these deviations tend toward further upsets. 

So much for the simple heat exchangers which represent most of 
the common temperature-control problems. Less numerous, 
but intensely interesting and important in many processes ar 
the many variations of the compound heat-exchanger type 

Compound Heat Exchangers. A typical multiple exchanger = 
represented by Fig. 5. Two supply sections operate simul- 
taneously and independently on the demand section. Similarly 
multiple demand sections are possible. In multiple exchangers, 
the supply or demand sections, no matter how many, act i® 
multiple and their effects are additive. 

Compound heat exchangers may also be arranged with sever®! 
sections in tandem or series as shown in Fig. 6. Here the inter- 
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mediate section or sections introduce additional thermal capacity 
and additional transportation and transfer lags. Heat must be 
transferred to, traverse, and be transferred from the intermediate 
section or sections. Sluggish response is the normal character- 
istic of a series exchanger, and wide-band control is required. 
Fractionating columns are typical tandem heat exchangers. 

Often very complex heat-exchanger systems will be encoun- 
tered, particularly in processes where the several steps are inter- 
connected by heat-recovery exchangers. These complex systems 
can be resolved into combinations of the simple and compound 
types discussed previously, and then studied for application of 
control equipment. 


FAVORABLE Factors FOR CONTROLLABILITY 


Before proceeding with practical interpretations of the theory 
given previously in this paper, let the factors favorable to pre- 
cise control—as reflected by smaller cycles with on-and-off con- 
trol and narrower control bands with proportional control—be 
reiterated: 


1 Minimum transportation lag 
2 Minimum transfer lag 
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3 Minimum temperature difference 
4 Minimum supply-side thermal capacity‘ 
5 Maximum demand-side thermal capacity.‘ 


The converses are unfavorable, and are to be avoided in good 
design and operation since with simple control they result either 
in large cycles or in wide control bands and consequent wander- 
ing. From the user’s viewpoint, compensation of equipment 
design faults through application of complicated control, expen- 
sive to purchase and operate, is seldom a satisfactory solution. 


PRAcTICAL INTERPRETATION 


Effect of Various Heat-Exchange Media. Examples of the 
several types of liquid-liquid heat exchangers have been discussed 
in the development of the theory, but in the application of the 
theory, the cases of liquid-solid, gas-solid, gas-liquid, and gas-gas 
heat exchangers must be considered also. When a solid is sub- 
stituted for a liquid on one side of an exchanger system, the 
thermal-capacity ratio may not be greatly changed, for ordinarily 
the higher specific gravity of the solid is offset’ by a lower 
specific heat. 
~ 4 Perhaps, better expressed as a ratio. 


5 The volume specific heats vary much less than the mass specific 
heats. 
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The problems with a solid are more likely to involve homo- 
geneity and accurate sensing of temperature than transportation 
and transfer lags. When the supply medium is a hot gas, such 
as air, instead of a hot liquid, such as water, the temperature 
difference may be considerably greater, yet result in a lower ther- 
mal capacity on the supply side with a net favorable effect on 
controllability. Conversely, when the substitution of a gaseous 
medium is on the demand side, controllability is unfavorably 
affected. With a vapor such as steam, the latent heat offsets in 
part the effect of the smaller mass. 

In a plain-pipe air heater, the heater mass is so large compared 
with that of the air being heated that the system is always that 
represented by Fig. 3. Therefore, proportional wide-band con- 
trol is in order. When, in addition, a sluggish thermal element 
is used, the results will be extremely bad. The control band will 
be so wide that reset is imperative. On the other hand, in a 
finned-tube heater of equivalent rating the heater mass is much 
smaller and the system may approximate that shown in Fig. 1. 
Then, provided that the controller—thermal element, control 
mechanism, and valve*—is extremely responsive, on-and-off or 
narrow-band control can be used. When the controller is not 
sufficiently responsive, the system is the less favorable one 
shown in Fig. 2, requiring wide-band control with its attendant 
problems. It is essential that controller response be more rapid 
than process response to avoid needless handicaps. Nowhere is 
this better illustrated than in air heaters. 

Examples of Classification. While, by making due allowance 
for change of media, much process equipment can be placed im- 
mediately as one of the simple types of heat exchangers, the 
classification of other equipment is not so obvious. A gas-fired 
steam boiler, for example, although it has little thermal energy 
stored in the products of combustion relative to that in the water 
and steam, is not the favorable case shown in Fig. 1. At the high 
temperatures there is a tremendous amount of thermal energy 
stored in the great mass of brick and metal of the boiler and set- 
ting, and, accordingly, such a boiler is classified as an extreme 
case of the type shown in Fig. 3. Wide-band control must be 
used, usually with reset. 

A conveyer drier, or a tempering furnace is another unit which 
may be wrongly classified. Here, circulating air or products of 
combustion is controlled in temperature by regulation of heating- 
medium supply to coils, or by regulation of combustion. The 
thermal capacity on the supply side is very large compared 
with the capacity of the circulating medium, indicating a case 
such as shown in Fig. 3, requiring wide-band control. However, 
the significant operating temperature is not the controlled tem- 
perature of the circulating medium, but the resulting tempera- 
ture of the load, usually a material of considerable thermal 
capacity, often greatly exceeding the thermal capacity of the 
supply side. Actually then, this is a tandem heat exchanger 
similar to that shown in Fig. 6, or better in Fig. 7, and if the 
ratio of demand-side heat storage to supply-side heat storage 
is high, we can operate the system with on-and-off control. 
True, the circulating-medium temperature at S may show cyclic 
temperature fluctuations of considerable amplitude, but they are 
not significant in the ultimate end, the temperature at S’. The 
fact that it is possible in such a case to control precisely the load 
temperature by controlling roughly an intermediate transfer 
temperature is often an important point to keep in mind in com- 
plicated instrument application problems. This is the principle 
involved in placing the bulb controlling reflux flow on a still or 
fractionating column not in the vapor line at the top of the col- 


* Except in floating control, the speed of valve motion normally 
does not limit the liveliness of control. In air-heater control, how- 
ever, where extremely sensitive thermal elements may be needed, 
valve response can be the limiting factor. 
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umn, but part way down the column where relatively large 
temperature changes occur for relatively small product compo- 
sition and vapor-temperature changes in the vapor tube. 

In many cases the classification hinges on relatively minor 
changes in construction. It is desirable always to favor con- 
trollability through working toward the favorable design fac- 
tors already enumerated. Furthermore, it is usually possible to 
secure much better control at lower cost through consideration 
of control concurrently with the design of the process and 
equipment than through later application of control to finished 
plant. A water heater, for example, is commonly a large shell 
with hairpin tubes as shown in Fig. 8. Wide-band contro! is 
needed since this heater is a mixed-current type classed with the 
cocurrent type shown in Fig. 4. By merely inserting the buffle 
and moving the inlet-steam line as indicated in Fig. 9, the 
heater is converted to the countercurrent type shown in Fig. 
1, and then requires only simple on-and-off or narrow-band 
control. Likewise, a steam-jacketed kettle may be almost any- 
thing in terms of controllability. It is possible by proper 
baffling of the steam jacket and by directed circulation or stirring 
within the kettle, to achieve the favorable control conditions 
of Fig. 1. But when the circulation is too erratic, the system, 
in so far as the thermal element is concerned, follows no fixed law, 
and precise control is not feasible. 

Storage heaters and equivalent process elements are another 
type of application which is frequently puzzling. Consider the 
system shown in Fig. 10. When the sensitive element is at S and 
the process is continuous, or when there is adequate heater 
capacity and ample control medium is available, the storage 
volume serves no purpose. A countercurrent heater with on- 
and-off or narrow-band control would suffice. When the heater 
capacity or the heating-medium supply is inadequate for the 
peak loads, heat must be stored. The S or S’ bulb location is 
used, and large temperature variations are accepted as inevitable 
in connection with the release of stored thermal energy, just as 
flywheel speed variations are a necessary condition to the release 
of stored kinetic energy. Precise control is not possible. When 
the bulb is at S” we simply have an extreme case of transporta- 
tion lag added to the already erratic response from convection 
currents. 


IMPORTANCE OF SYSTEMATIC RESPONSE 


The application just considered turned out to be an example of 
erratic or unsystematic response. No development of control- 
engineering theory would be complete without considering the 
yawning pitfalls of unsystematic response in some detail. The 
theory has been based on an assumption of systematic or predicta- 
ble response of the process and of the instrument; hence failure 
to fulfill this assumed condition voids the theory. 

Sometimes little can be done about unsystematic response of 
process. Often, however, changes in operating procedure and in 
equipment may be suggested which, even though sometimes far 
back in the previous processing, can aid greatly in securing uni- 
formity of control in the subsequent steps. Since such sugges- 
tions are always more readily received, tested, and accepted 
when an analytical approach is the habit of the user, the impor- 
tance to the vendor of selling in a way to foster such an attitude 
is self-evident. 

Unsystematic Response in the Thermal System. Failure of the 
temperature-control system to act systematically is certainly 
entirely within the province of the control specialist. All de- 
tails of the application from the thermal system through the 
control system to the valve and supply-medium system require 
careful verification in order to locate and correct all the sources of 
unsystematic behavior which preclude precise control. A sen- 
sitive element in a storage heater, or pocketed in a pipe tee, re 
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sponds not alone to process changes, but also to unpredictable 
convection currents of no process-control significance. Short 
heavy-walled wells and dirty or loose-fitting wells introduce large 
and variable wall-temperature errors, in pyrometry often amount- 
ing to several hundred degrees. Such errors are minimized by 
adequate velocity across the sensitive element, and by operating 
in saturated instead of superheated vapor where possible. In 
psychrometry, accurate and systematic wet-bulb temperature 
response is a difficult problem especially with large depressions. 
A bulb having small neck-conduction errors and adequately 
covered with a clean wick fully wet with distilled water (or clean 
steam condensate), supplied as nearly as possible at the wet-bulb 
temperature, must be exposed in a representative air stream of 
sufficient velocity. At the same time the adjacent dry bulb 
must not be shielded or spattered. 

Beyond the sensitive element, thermal-system errors may 
enter through exposure of the connecting tubing (or electrical 
leads) and the instrument case to excessive temperature fluctua- 
tions. Uncompensated connecting tubing certainly should not 
be strung over steam pipes. Instrument cases should not be 
exposed to weather, to furnace radiations, or to any large or rapid 
fluctuations in temperature unless it is known that the effect will 
be inappreciable. Case compensators, where present, are seldom 
able to act rapidly over large temperature ranges. Frequently, 
also, the compensation is an averaged or approximate effect. 
Installations of instruments in which case and connecting-tubing 
compensation are lumped require, of course, that the case and 
tubing be at the same temperature. Similarly, pyrometers in 
which the effective cold junctions are not close to the compensator 
spiral will show large errors when subjected to rapid ambient- 
temperature swings. Multipoint potentiometers having ex- 
tended terminal boards show appreciable errors in narrow scale 
ranges when there is a temperature gradient across the terminal 
board, as from drive-motor heat or instrument-case exposure. 

Unsystematic Response in the Controller. Systematic behavior 
of the control system in a pneumatic controller requires a con- 
stant supply of clean air. Oil or water in the supply air may 
cause sluggish response of an open-and-shut instrument, or 
erratic or changed response of a throttling instrument, even 
when operation does not cease entirely. Each instrument 
should be provided with its own individual air-filter-separator 
unit. In addition, however, it often will be necessary to provide 
large separator tanks on the air-supply headers. In extreme 
cases, float-actuated drain valves may be needed to avoid flood- 
ing of the system. Compressor aftercoolers are always a help. 
A proportional instrument usually requires not only clean air, 
but air at constant pressure so that the instrument need not con- 
tinually correct for erroneous valve motions resulting from 
supply-air pressure fluctuations. However, this requirement is 
easily met by providing each controller with its own individual 
air-pressure reducing valve. This is a desirable feature both 
to promote reliability through freedom from group failure of 
several instruments on a common valve, and to reduce installa- 
tion costs by bringing high-pressure supply air in small-bore cop- 
per tubing instead of low-pressure air in large-bore pipe. 

Another very common source of unsystematic control-system 
behavior lies in pen friction. Maintenance men seem prone to 
“smooth” the record in cases of “chart painting” or to prevent 
blotting on an instrument subject to serious vibration by bending 
the pen arm to increase the friction between pen and chart. 
Control is always made worse by such an expedient though the 
charts may look better. Similarly, friction anywhere else in the 
control mechanism is harmful and should always be kept at a 
minimum through proper care and adjustment. Accuracy in 
any instrument depends on attaining and maintaining a high 
ratio of actuating force to friction. 
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Unsystematic Response in the Valve. Unsystematic response 
of supply-medium flow to controller action, particularly detri- 
mental to proportional control, may result from valve errors such 
as leakage in the control valve or in the by-pass; inaccurate valve 
position, from friction or from unbalanced valves on fluctuating 
pressures; and nonproportionality, from the cutting of the valve 
seat, a greatly oversize valve operating at low lift, a nonpropor- 
tional or globe valve, flashing in the valve ports, or from limi- 
tation of flow by inadequate piping. In the more precise throt- 
tling-control installations where valve changes must be accurate 
and minute, valve positioners have come into use to eliminate 
errors of valve friction and unbalance. In every control installa- 
tion, the control valve must be sized to be the “bottle neck”’ of 
the control-fluid system. 

Unsystematic Response in the Supply-Medium System. Per- 
fectly systematic response of a properly applied instrument from 
thermal system to valve motion will not in itself insure systematic 
control response. Yet to be considered is the supply-medium 
system. Variations in steam pressure and condensate-return 
pressure, erratic trap behavior, and air binding are most common 
sources of trouble on controlled heaters. Piping two heaters to a 
common trap is simply inviting trouble with a throttling control. 
Variations in water or brine temperature and pressure are ever- 
present sources of trouble on cooling systems. Hopelessly er- 
ratic supply systems may require choice of the on-and-off type of 
control because it combines quick response with minimum drift. 
Then, if cycling should be excessive under occasional load 
changes, a V-port valve, with its maximum opening limited by 
manual setting of the individual air reducing valve supplying the 
controller, offers a convenient adjustment of valve size to load 
requirements. Sometimes pressure control or differential- 
pressure control will stabilize supply-medium flows, but the ut- 
most refinement in control accuracy is attained with a responsive 
flow controller having its control point varied by a temperature 
controller. Oil distillation and fractionating equipment is often 
equipped with this type of control. Highly responsive flow con- 
trollers correct immediately all deviations in uniformity of flow 
to and from the unit,while slower temperature controllers make the 
gradual adjustment in flow rates necessary to compensate within 
the range of the process for gradual things such as drift in feed or 
fuel composition. Where the flow controllers are omitted, the 
erratic momentary variations cannot be kept out of the process, 
and are corrected for only in so far as their average effect is com- 
pensated for by the proportional wide-band reset temperature 
controllers. 


CONCLUSION 


An analytical approach to the application of a temperature 
controller involves the following steps: (1) Definition of the 
problem. (2) Classification of the equipment by type or types 


of heat exchangers. (3) Modification of equipment in line with 
the factors favorable to precise control. (4) Selection of an 
appropriate control system. (5) Installation and operation of 
the control system to avoid unsystematic response. 

Admittedly only qualitative, this approach has helped in pre- 
senting explanations of many control application problems. 
The author believes that further steps in this direction are nec- 
essary, particularly on the part of the instrument manufac- 
turers. A great step forward will have been made when it be- 
comes possible to specify quantitatively the controllability fac- 
tors in process equipment, thus facilitating interchange of per- 
tinent data between process equipment vendor, instrument 
vendor, control consultant, and user. Such developments will 
come all the sooner with close cooperation between the interested 
parties. 

To facilitate such cooperation, particularly in the chemical 
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industries, we all should make the distinction between the physi- 
cal laws and basic mathematical treatments of control problems 
and the engineering applications of such principles which involve 


invention and properly are patented or guarded as trade secrets. 
Naturally, we must always be scrupulously careful to avoid joss 
of industrial property rights by improper publication. Never- 


theless, the ethical obligation is equally ours to cooperate with 
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other engineers in publishing such material as will provide all of 
us with labor-saving tools. 

In this connection, the author must express his indebtedness 
to the many who have aided him, especially to N. W. Burtt, ©, 
O. Fairchild, P. F. K. Erbguth, C. E. Mason, R. A. Rockwell, 
and C. V. Smith for miscellaneous material and critical com- 
ment, and to K. H. Hubbard and Ed S. Smith, Jr., for close co- 
operation and assistance. 


' 
tes 
esse 
in o 
nolc 
d 
ar 
Ind 
T 
| 
tant 
Cha 
witl 
mec 
loac 
acti 
T 
cus: 
pres 
mat 
now 
ber « 
i 
app! 
I 
nst 
t 
i 
> tive 
Proj 
trol 
Men 
the 
Hes 
Rap 
2 
grad 
with 
duet 


PRO-60-6 


Some Fundamental Considerations in the 
Application of Automatic Control to 
Continuous Processes 


By E. S. BRISTOL! ann J. C. PETERS,? PHILADELPHIA, PA. 


Certain fundamental characteristics of continuous proc- 
esses and automatic controllers are presented in this paper 
in order to establish a framework for a suggested termi- 
nology. A specific object is to assist in the work on stand- 
ard terms being conducted by the A.S.M.E. Committee on 
Industrial Instruments and Regulators. 

The authors’ treat ment is essentially nonmathematical. 
Illustrations used deal primarily with the control of tem- 
perature. Attention is focused on the effects of impor- 
tant process lags through the analysis of elementary heat- 
ing systems in which they are individually predominant. 
Characteristics of automatic control systems are discussed 
without going into the constructional details of particular 
mechanisms. Curves showing the response to sudden 
load changes serve to illustrate different types of corrective 
action. 

The final section of the paper is devoted to a critical dis- 
cussion of suggested terms. 


‘ S A prerequisite for thinking along similar channels and for 


correlation of ideas and data presented by different indi- 

viduals it is essential to adopt acommon language. The 
present paper is aimed to work toward such an end in the auto- 
matic-control field, where considerable diversity in terminology 
now exists. 

Some fundamental considerations of processes and automatic 
control are presented in order to give a physical picture of a num- 
ber of significant functions and characteristics for which terms are 
suggested. In order to keep the treatment definite, it is directed 
primarily to control of temperature as representing a broad sub- 
division of the control field. However, an attempt has been 
made to present considerations and terms which are generally 
applicable. A particular object of this paper is to further the ef- 
forts of the recently created A.S.M.E. Committee on Industrial 
Instruments and Regulators toward the adoption of a standard 
terminology. The authors gratefully acknowledge the construc- 
tive criticisms of the manuscript received from members of the 
Program and Terminology Subcommittees and their associates. 

A detailed discussion of terminology is left for the last section 
of the paper, as it is thought that the initial discussion of processes 


1 Engineer in Charge of Automatic Control and Combustion Con- 
trol Division, Engineering Department, Leeds & Northrup Company. 
Mem. A.S.M.E. Mr. Bristol received his B.S. degree in 1915 from 
the College of the City of New York, and then spent two years as a 
graduate student in mechanical engineering at Columbia University. 
He served as a civilian and later enlisted in the Ordnance Department, 
U.S. Army, 1917-1918, and was commissioned second lieutenant in 
the Reserve Corps following his discharge. During 1919 he served 
as assistant to the mechanical research engineer of the Interborough 
Rapid Transit Company, New York, N. Y. Later the same year he 
entered the research department of the company he is now associated 
with, and was later transferred to the engineering department. 

* Research Engineer, Leeds & Northrup Company. Mr. Peters was 
graduated with a B.S. degree in electrical engineering from The Penn- 
sylvania State College in 1924, and spent the following two years 
with Leeds & Northrup Company in the development of thermal-con- 
ductivity gas-analysis equipment. In 1926 he entered the graduate 


and types of automatic control will be of more interest to the 
general reader. The initial sections make use of most of the terms 
which are later specifically defined and discussed. References to 
previous use of terms are merely illustrative and not intended to 
imply that such use was the first. An index to defined terms will 
be found at the end of the paper. 

It is desired to state at the outset that considerable ground 
exists for adoption of the term “automatic regulation” in prefer- 
ence to “automatic control,” as applied to the broad subject under 
consideration. As this point is one of such major concern to all 
dealing with the subject, no definite recommendation is here pre- 
sented. Since some choice was required for the text of the paper, 
“automatic control” was selected in the belief that it is in more 
common use at the present time. Should decision be reached in 
favor of “automatic regulation,” the required changes in wording 
at each appearance of ‘“‘control’’ will have no other effect upon the 
ideas presented. 
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It is hoped that those interested in the terminology will include 
in their discussions any specific terms and definitions which they 
prefer to those contained in the paper. 


Tue Avromatic ConTROL System APPLIED TO THE PRocEss 
Fig. 1 is a schematic drawing of an automatic temperature- 


school of Columbia University, majoring in physics. After receiving 
an A.M. degree in physics in 1927, he remained for one and one-half 
years as student and assistant in the physics department. From 
January, 1929, to June, 1930, he was instructor in electrical engineer- 
ing at the Massachusetts Institute of Technology. He then returned 
to the Leeds & Northrup Company where much of his time has been 
devoted to automatic-control problems. 

Contributed by the Committee on Industrial Instruments and 
Regulators of the Process Industries Division, and presented at the 
Annual Meeting of THe AMERICAN Society or MECHANICAL ENGI- 
NEERS, held at New York, N. Y., December 6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until December 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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control system applied to maintain, within proper limits, the 
temperature of a product emerging from a continuous furnace. 
The control agent is oil or gas, the rate of flow of which is adjusted 
by means of a valve. The temperature-measuring means consist 
of a primary element of the radiation-pyrometer type, and a suit- 
able mechanism serving to give an indication of the temperature, 
or the equivalent of an indication, as required to put into action 
the automatic control mechanism. In the automatic controller, 
which is of the relay type, the corrective action is initiated from 
the results of the temperature measurements. Suitable impulses 
are sent out causing the power unit to move a final control ele- 
ment in the form of a valve. 

The results obtainable depend upon characteristics of both 
the process and the automatic control system. The latter may 
be properly considered to include both the primary element and 
the final control element, which in Fig. 1 are the radiation-py- 
rometer element and the valve, respectively. 


CHARACTERISTICS OF THE PROCESS 
The theory which follows is of a qualitative nature designed to 
focus attention upon some salient factors determining the diffi- 
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Fic. 2 A HeatinG System ILLUSTRATING DEMAND-SIDE 
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culty of temperature control. While not exact, such a theory is 
useful in giving a physical picture of important elements involved, 
and should help a designer provide a process which will be easy 
to contro]. In the case of a process already in operation, similar 
considerations may suggest simple changes resulting in greatly 
improved controllability. 

The paper by Haigler (1)* has been carefully considered by the 
authors, who have adopted from it the expressions ‘“‘supply side” 
and “‘demand side.”’ While the following list of factors favorable 
to control differs somewhat from that given by Haigler (1), this 
is merely the result of a different split-up and does not represent a 
fundamental difference between the two analyses. 

A process temperature may be easy or difficult to control, de- 
pending upon the nature of the disturbances affecting it and upon 
the magnitudes of three inherent retarding effects or process lags, 
that is, transfer lag, velocity-distance lag, and demand-side stor- 
age lag.‘ 

A process favorable to control has (A) small transfer lag which 
means, (a) low supply-side capacity, and (b) low thermal resistance 
between supply and demand sides; (B) small velocity-distance 
lag; and (C) sufficient demand-side storage lag. 

What is meant by the foregoing factors will be shown by a series 
of illustrations in which the process is considered to be under 
manual control. In each case the following assumptions apply: 


’ Numbers in parentheses refer to the references at the end of the 
paper. 

4 Similar designation of three different types of retarding effects 
as ‘‘process lags”’ will be found in a paper by Mason (2). He also 
used the terms ‘‘transfer lag”’ and ‘‘velocity-distance lag.”’ 
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(a) Initially, the temperature is considered to be constant and 
the process in equilibrium; (b) a change in supply or demand js 
made instantaneously; (c) measuring lags are negligible; and 
(d) there is no heat loss to the atmosphere. 

Demand-Side Storage Lag. The term “demand-side storage 
lag’”’ covers the effect of heat storage in intimate thermal relation 
with the point of measurement. Fig. 2 is designed to show the 
effect of this lag in the absence of other process lags. The heater 
is represented as an edge-wound strip of large surface and small 
cross-sectional area heated by an electric current. A stirrer pro- 
vides uniform temperature throughout the tank. Because of the 
large surface area of the heater and rapid stirring, the thermal! re- 
sistance between heater and water is very low, both being at sub- 
stantially the same temperature. A change in power supply to 
the heater is almost instantly evidenced by a changed rate of 
heating of the water. 

Assume the rate of flow and temperature of the incoming water 
to be fixed and the electric-heat supply constant, and that suf- 
ficient time has been given for the temperature at C to become 
perfectly steady. Now let a sudden change in the electric-heat 
supply take place. The new rate of heat supply will be almost 
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instantly communicated to the water. The temperature will not 
take on a new steady value immediately as indicated by the 
dashed line in Fig. 3, but may rise slowly as along the curve a or 
at a more rapid rate as along the curve b, the initial rate of tem- 
perature increase depending upon the heat capacity of the water 
within the tank.’ The retardation in the response of the tem- 
perature resulting from this capacity effect is the demand-side 
storage lag. 

Fig. 4, with the thermocouple located at a, represents an ideal 
case in which process lags are practically absent. Considering 
an adjustment of flow of either the hot or the cold water, a nearly 
instantaneous change in temperature to a new steady value may 
be obtained, provided that the thermal capacity of the tubes 
carrying the water is negligible. 

It is important that the demand-side storage lag be sufficiently 


5 More properly the heat capacity of the tank should be included as 
it is in intimate thermal relation with the point of measurement. 


PRO 


great 
temp 
an al 
neces 
what 
than 
negli 
stors 
twee 
tions 
tem] 

D 
may 
new 
quic 


ance 
poin 
lag. 
the 


BRE 
Bic 
bec 
‘ 
th 
€ 
i 
lin 
mi 
of 
SIS 
Ne 
P 
ar 
& 
th 
hi 
P 
aa 


PRO-60-6 


great; Otherwise, ordinary changes in demand may cause the 
temperature to vary so rapidly as to exceed the ability of either 
an automatic control system, or a manual operator, to make the 
necessary corrective adjustments. For equivalent results, some- 
what less demand-side storage is needed with automatic control 
than with manual control, since the mechanism does not tire and 
neglect a tedious job. Under manual control the demand-side 
storage should be such that, considering the largest unbalance be- 
tween supply and demand likely to occur under normal condi- 
tions, an adjustment every several minutes will suffice to keep the 
temperature within the required bounds. 

Demand-side storage lag is usually favorable to control. It 
may be disadvantageous when it is desired to establish promptly a 
new normal temperature or to get a process into operation 
quickly. 

Transfer Lag. Transfer lag is introduced when thermal resist- 
ance prevents the free flow of heat from a point of storage to the 
point of measurement. Fig. 5 will serve to illustrate transfer 
lag. It shows a modification of the arrangement shown in Fig. 2; 
the heater winding now being placed outside of the tank and em- 
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bedded in a ceramic, each element of which embodies thermal 
resistance and thermal capacity. 

A new rate of heat supply can be established instantly within 
the heater winding, but a considerable time may elapse before this 
new heat supply is fully effective within the tank. As a result, a 
sudden change in supply may produce a temperature response as 
indicated by the solid line in Fig. 6, in contrast to the result ob- 
tained when transfer lag is negligible, represented by the dashed 
line. 

A more detailed picture is obtained by considering the ceramic 
material used with the arrangement shown in Fig. 5, as made up 
of two parts, a part of zero heat capacity, and definite thermal re- 
sistance, and another which is a perfect heat conductor but has a 
specified thermal capacity. In Fig. 5 consider the portion of the 
ceramic between the dashed lines and the tank as having thermal 
resistance but negligible thermal capacity. When conditions 
are steady and heat supply and heat demand are equal, the rate 
at which heat is transferred to the bath depends only upon the 
temperature drop across the thermal resistance separating 
the supply and demand sides and is entirely independent of the 
thermal capacity on the supply side. The heater temperature 
may be practically that of the bath or may be very considerably 
higher, depending entirely upon the magnitude of the thermal 
resistance. 

As the supply-side capacity is increased, the delay in transferring 
an increased rate of heating to the demand side is increased be- 
cause of the greater time required to build up the necessary tem- 
perature head. The combined effects of thermal resistance and 
supply-side capacity determine the amount of heat stored on the 
supply side. As a result of such stored heat, it is difficult to es- 
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tablish a proper balance between supply and demand without 
overshooting of the desired normal temperature. 

Velocity-Distance Lag. Referring again to Fig. 4, when the 
thermocouple is placed at b instead of at a, a velocity-distance lag 
will be introduced. A changed setting of valve A or valve B 
will not be evident at b until the new mixture has had time to 
traverse the distance from a to b. 

There is another type of velocity-distance lag in which a partial 
effect takes place immediately, but the full effect is delayed. 
This type is found in a form of continuous oil heater employed in 
the refining industry. Oil flows at a rate of the order of 10 fps 
through a tube several thousand feet long, suitably mounted 
within an appropriate furnace structure. Heating is usually by 
oil or gas or both. Heat transfer from the flames to the heated 
oil is by radiation and convection; suitable baffles dividing the 
radiation and convection sections. Because of time required for 
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Fig. 7 Curves SHOWING THE CoMBINED EFFEctTs OF THREE 
Process Lacs 


the heated oil to traverse the length of the tube, the full effect at 
the outlet of a new rate of heating, of a change in rate of flow, or of 
a change in inlet temperature, may be delayed by a number of 
minutes. 

The oil-heating furnace involves, in addition to the velocity-dis- 
tance lag, considerable transfer lag, as the walls and baffles rep- 
resent heat capacity separated from the tubes by thermal resist- 


ance. The tubes, in the absence of appreciable coking, are prob- 
ably to be considered as contributing to demand-side storage. 
Process Dead Time. As previously indicated, a change in 
supply at the source will, as a result of the process lags (demand- 
side storage, transfer and velocity-distance lags), produce a tem- 
perature response of the type shown in Fig. 7. At first no change 
in temperature is observed, then a very slow rate of change ap- 
pears, following which the rate of change reaches a maximum 
value. The period during which no substantial change in tem- 
perature takes place is here referred to as the process dead time. 
The significance of the dead time observed following a sudden 
supply change has been effectively discussed by Callender (3). 
Its effect is such that even though a change in the control agent is 
made at the instant the temperature begins to depart from nor- 
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mal, the deviation will continue unchecked for an interval equal 
to the dead time. 

Self-Controlling Tendency. An important inherent character- 
istic of a process is a tendency to control itself. Referring to Fig. 
2, a rise in temperature above the normal value is accompanied 
by an increase in the rate at which heat is removed from the tank 
by the flowing water, thus partially counteracting the effect of an 
unbalance between supply and demand. This tendency is em- 
phasized in a paper by Stein (4). 


Response CHARACTERISTICS OF AuTOMATIC ConTROL SysTEMS 


Automatic control systems have means built into them for 
causing the final control valve to be positioned in a predetermined 
manner in accordance with the value of and variations in the con- 
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Fic. 8 Curves ILLUSTRATING Two-PosITION CONTROL 


trolled variable. These response characteristics can usually be 
most simply shown graphically, particularly so in those cases in 
which the response is not a continuous function of the tempera- 
ture and of the manner in which it changes with time. 

In the graphical representations which follow, the process is 
initially assumed to be in the steady state, demand and supply 
being balanced. Then the demand is suddenly changed to a new 
constant value. Curves of demand, supply, and temperature, all 
plotted to the same time scale, show how the change is taken care 
of, being continued far enough to show the new supply-demand 
balance. Response characteristics of the following types of con- 
trol are considered: (A) Two-position; (B) proportional-posi- 
tion; (C) floating, i.e. (a) single-speed floating, (b) two-speed 
floating, and (c) proportional-speed floating; and (D) floating- 
and-proportional. 

Two-Position Control. In two-position control the final con- 
trol valve may take one of two positions, depending upon 
the existing temperature. One gives a rate of heating that 
is too high, the other a rate of heating that is too low. The 
result is shown in Fig. 8. Curves a, b, and c show demand, tem- 
perature, and supply, or valve position, respectively, all plotted 
as a function of time. From time 0 to time 2, conditions are 
steady in the sense that, on the average, supply and demand are 
in balance. The valve is periodically shifted between its maxi- 
mum and minimum positions as the temperature falls to L and 
rises to H. The interval between L and H is here referred to as 
the “control band.” Considering the cycle p to u, as the falling 
temperature reaches value p, the valve takes its maximum 
open position. Due to energy necessary to bring the heater up 
to temperature, the controlled temperature does not begin to rise 
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immediately, but continues to drop until point q is reached. The 
temperature then rises until it reaches the value r when the valve 
takes its minimum position. The temperature now continues to 
rise as a result of energy stored in the heater, reaching a maximum 
value ats. At uanew and similar cycle begins. 

At time 2 the demand is suddenly increased. After a transient 
state extending from time 2 to approximately 3.5, a new steady 
state is reached, supply and demand being again balanced on the 
average. At time 6.6 the demand is reduced to its original value. 
The resulting transient effect is similar to that obtained when the 
demand was increased but causes an overshoot in the opposite 
direction. 

In the curve shown in Fig. 8b it is interesting to compare por- 
tions applying to steady conditions at different loads. It is seen 
that before the demand increase the magnitude of the tempera- 
ture overshoot following a change in valve position happens to be 
nearly the same whether the temperature is rising or falling. 
After the demand increase, a rising temperature overshoots less 
and a falling temperature overshoots more than in the case of the 
smaller demand. This is because the higher of the two rates of 
heating is closer to the new required average value than it was 
previous to the demand increase, and conversely the lower rate of 
heating is farther removed from the new required average value. 
With the higher demand, storage of heat in capacities contribut- 
ing to transfer lag takes place at a lower rate, and loss of heat from 
these capacities takes place at a higher rate than in the case of the 
lower demand. 

The curve shown in Fig. 8 is typical of the results obtainable 
with two-position control in the presence of a large transfer lag. 
When demand-side storage lag is the only important retarding 
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effect, the direction of temperature change reverses immediately 
following a change in valve position. When the demand is 
steady the temperature record is confined between the limits 1 
and L and is saw-toothed in appearance. 

Two-position control is simple and cheap and has wide applica- 
tion where the following characteristics are not objectionable: 
(a) It has a drooping characteristic when applied to a process 
having transfer lag; (b) the temperature continually cycles; and 
(c) the sudden changes of rate of heating may be unfavorable to 
good combustion and have a harmful effect upon the furnace 
structure. 

Proportional-Position Control. With proportional-position con- 
trol the position of the final control valve is a function of the 
magnitude of the temperature only, there being a definite and 
different valve position corresponding to each temperature within 
a working range. This is indicated graphically in Fig. 9, repre- 
senting a case in which it is desired to hold the temperature in the 
neighborhood of 600 C. The valve is fully closed at 610 C, fully 
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open at 590 C, and for intermediate temperatures has corre pond- 
ing intermediate values. Under steady conditions of supply and 
demand the temperature will be somewhere between 590 C and 
610 C, the exact value depending upon the demand. The range 
of 20 C, through which the temperature must change to full- 
stroke the valve, is the control band (using the general term) or, 
more specifically, the proportional band. A proportional-posi- 
tion controller is inherently a drooping-characteristie controller, 
‘he maximum possible droop depending upon the width of the 
proportional band. 

Fig. 10 shows how a sudden demand change is taken care of 
when proportional-position control is employed. The tempera- 
ture curves b, c, and d are for different adjustments of the width 
of the proportional band. Variations in temperature and valve 
position are similar and can therefore be represented by the same 
curves. Both take on new steady values after a series of oscilla- 
tions. As the width of the proportional band is decreased, os- 
cillations following a sudden load change become more and more 
vigorous until a point is reached at which sustained oscillations 
are obtained. A proportional-position controller is usually oper- 
ated with a proportional band sufficiently wide to avoid sustained 
oscillations under the most unfavorable operating conditions that 
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may be encountered with the particular process. This ties in 
with the characteristic of the final control valve. With the ideal 
valve, the critical band width would be the same for all loads. 

The width of the proportional band is frequently stated as a 
percentage of the full-scale range of the controller. Required 
proportional bands vary from a very small percentage of the full- 
scale range to several hundred per cent of that range. The re- 
sultant drooping characteristic is the chief limitation of this type 
of control. In many applications the proportional band may be 
made so narrow that the maximum possible droop is negligible. 
Wider proportional bands give satisfactory results when the main 
requirement of the control system is to take care of small demand 
changes, the control setting being changed manually when neces- 
Sary, to keep the temperature within the desired limits. 

Floating Control. The term ‘ ‘floating control” is here used to 
designate those controls in which the position of the final control 
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valve has no fixed relation to the temperature, but is changed at 
a rate which is a function of deviation from normal temperature. 
The rate of movement is slow enough so that deviations of ordi- 
nary duration do not cause the valve to reach a limit of travel. 

With single-speed floating control, the valve is moved con- 
tinuously at a uniform rate as long as the temperature is outside of 
the normal region, the direction of motion being determined by 
whether the temperature is too high or too low. Two-speed float- 
ing control is similar, with provision for an increased rate of valve 
movement when the deviation exceeds a certain amount. 

The term proportional-speed floating control is here used for 
the case in which the rate at which the valve is moved is a con- 
tinuous function of, and usually proportional to, the existing de- 
viation from the normal temperature. 

Fig. 11 shows how the rate of valve motion varies with deviation 
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[(a) Single-speed floating control, (b) two-speed floating control, and (c) pro- 
portional-speed floating control.] 


from normal for the three types of floating control mentioned 
previously. Single-speed and two-speed floating control are 
indicated by curves a and b as having a dead range in the form of a 
temperature range in which no motion of the valve takes place. 
A dead range increases the stability of this type of control; al- 
though less necessary, it is desirable with proportional-speed 
floating control also. Curve cin Fig. 11 is for proportional-speed 
floating control without dead range. 

Floating control used alone is not generally suited to the control 
of temperature, for to avoid objectionable cycling the rate of valve 
movement must be made extremely slow, except in the absence of 
process lag. Even demand-side storage lag, which is favorable to 
most types of control, is unfavorable in this case. Floating con- 
trol has been used where the natural response of the controlled 
variable is very rapid, the addition of a suitable dead range pre- 
venting continuous oscillation. It has also been used for chang- 
ing the setting of another controller as a function of an additional 
variable to take care of second-order effects. 

The chief application of floating control to temperature is in 
combination with proportional-position control as described in 
the next section. 

Floating-and-Proportional Control. With this type of control 
the final control valve is moved, in effect, continuously and simul- 
taneously by corrective actions characteristic of both floating and 
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proportional-position control. While the floating element may 
be of any type, only the proportional-speed form will be consid- 
ered here. This type of floating control requires no dead range 
when used in conjunction with proportional-position control, as 
the latter introduces the stabilizing effect necessary to prevent 
cycling. 

In Fig. 12, curves a to e, inclusive, represent an analysis* of 
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Fig. 12 GrapuHicaL ANALYSIS OF ONE OF FLOATING-AND- 
PROPORTIONAL CONTROL 


what happens when a sudden load change is taken care of by 
floating and proportional control. Referring to those curves, a 
demand change takes place at time 1. As a result, the tempera- 
ture deviates from its normal value and is brought back by the 
action of the control system as indicated by curve b. In the 
meantime, the valve has moved as shown by curve e. Curve c 
shows the component of the valve motion due to proportional- 
position control. The form of this curve is the same as that of 
the temperature curve. This action has no permanent effect in 
determining the new valve position, serving merely to increase the 
valve opening while the temperature is decreasing, and to decrease 
the valve opening while the temperature is increasing, the net 
effect, as a result of deviation from and subsequent return to 
normal, being zero. The floating-control component, as shown by 
curve d, acts to open the valve as long as the temperature is low, 
the assumed rate of movement being at all times proportional to 
deviation from normal. Floating control is entirely responsible 
for establishing the new valve position required by the changed 
demand. 

For present purposes, curves c, d, and e may be considered as 
representing rate of heat supply as well as valve position. With 
this assumption, the areas under the curves represent quantities 
of heat, and the shaded area under curve c represents a block of 


€ Similar graphical analysis has been used by Grebe, Boundy, and 
Cermak (5). 
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heat energy put into the system in the course of stabilizing the 
temperature under the new conditions of demand. In curve e, 
area A represents a quantity of heat applied in excess of the de- 
mand requirements. It serves to replace stored energy lost dur- 
ing the period m to n, during which the demand exceeded the 
supply, and also to increase the energy stored in the heater to 
that required by its new operating temperature. There is a cer- 
tain amount of automatic compensation in the sense that while 
the temperature is low, heat is being removed from the system at 
a decreased rate. But for this self-controlling effect, it would be 
necessary that area A be greater than it is. 

Adjustments to suit the process consist of varying the inten- 
sities of the proportional-position and floating actions. The ad- 
justment for strength of the proportional-position component is 
here called the proportional band adjustment. It determines the 
change in temperature required to full-stroke the valve under 
the action of proportional-position control only. In some cases the 
construction of the controller is such that the means for changing 
the width of the proportional band also affects the floating speed, 
so that both actions are strengthened or weakened simultane- 
ously. When the width of the proportional band is doubled, the 
floating speed is halved. An additional adjustment may consist 
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ING SPEED IN FLOATING-AND-PROPGRTIONAL CONTROL 


of changing the floating speed independently of the proportional 
band. 

The foregoing may be stated more concisely in connection with 
the differential equation of this type of control, this is 
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where V = position of final control valve, 6 = instantaneous tem- 
perature value, 0, = normal temperature value, ¢ = time, and 
k and K are constants. Stated in words, the rate of change of 
valve position with time is equal to the sum of two factors, the 
first a constant times deviation from the normal temperature, and 
the second another constant times the rate of change of tempera- 
ture with time. Moving the proportional-band adjuster changes 
K, modifying both actions proportionally. The floating-speed 
adjuster determines the value of k, affecting the floating action 
only. 

Curves a and 6 in Fig. 13 show the effect of decreasing the width 
of the proportional band; a sufficiently great reduction results 
in sustained oscillations. Curves a, b, and cin Fig. 14 give the 
results of changing the floating speed only. If this speed is too 
small, the normal value is approached very slowly; if too great, 
overshooting results. 


AvTOMATIC-CONTROL TERMINOLOGY 


The terms discussed in this section cover a number of the sig- 
nificant characteristics of automatic control systems and of proc- 
esses. Illustrations of the intended uses of most of these terms 
have already been given in the preceding sections. The list of 
definitions has been intentionally restricted, in order to facilitate 
consideration and adoption of those most commonly required 
without confusing the issue by including terms of minor impor- 
tance applying to particular forms of control equipment. Com- 
mon terms used in their ordinary sense have also been omitted. 
Use has been made of suggestions already presented by a group 
within the A.S.M.E. Committee on Industrial Instruments and 
Regulators, with the thought that the Committee can make use of 


this further discussion to crystallize opinion on at least a portion 


of the language of automatic control. The terms and definitions 
suggested herein are based on a review of publications, technical 
papers and commercial literature to determine past and present 
usage, followed by consideration of the accuracy of such usage and 
an endeavor to arrive at the most suitable compromise where ac- 
cepted usage appeared unsound or where divergence was found to 
exist. Effort has been made to prevent preconceived personal 
opinions from entering into this weighing process. Following 
each definition any pertinent remarks in explanation or in sup- 
port of its choice are given. Because of the breadth of the auto- 
matic-control field, it may be found in some cases that the phras- 
ing of a definition is not equally well suited to all types of control. 
In these instances it is believed that suitable changes in the de- 
tailed wording will be fairly obvious. 

For convenience in locating a particular term in the following 
discussion, an index of terms listed in alphabetical order is in- 
cluded at the end of the paper. The definitions follow: 

1 Automatic-Control Technology. The science or systematic 
knowledge of automatic control including terminology. 

As applied to the field to be covered by the A.S.M.E. Com- 
mittee on Industrial Instruments and Regulators, it is intended 
that this term be restricted to types of automatic control which 
continuously function to maintain desired normal conditions, and 
that it should not include simple safety devices, high-tempera- 
ture limiting means, devices for diverting defective units from 
conveyer lines, door-opening devices, etc. The major need for 
this term is to set forth a suitable field of effort for the Com- 
mittee; it does not appear to be required in ordinary considera- 
tions of automatic control. 

2 Automatic-Control System. A combination of related ele- 
ments or means which measures a variable and controls its value 
by operating in a predetermined manner to make corrective ad- 
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justments of an agent affecting the variable; also, a complex sys- 
tem of similar type which measures the values of more than one 
variable and/or makes corrective adjustments of more than one 
agent. 

This definition is intended to be sufficiently broad to cover any 
combination of automatic control units or elements that can 
properly be considered a system. Obviously, this scope is not 
needed to cover many simple mechanisms, but it is believed that 
the language of control should contain terms of sufficient breadth 
to provide for the complex combinations. As noted at the be- 
ginning of this paper, it may be decided that the term “automatic 
control” is inferior to “automatic regulation” as applied to the 
broad subject under consideration. The former has been ad- 
hered to largely because it appears to be favored by a majority. 

3 Controlled Variable. A quantity or condition which an 
automatic controller measures and controls. 

The use of “controlled” in this term is believed to be desirable 
to distinguish from the many other variables generally involved 
in an automatic-control application. ‘Variable’ in itself ap- 
pears to be a much more suitable and all-inclusive term for the 
controlled factor than the more limited and commonly used equiva- 
lents “quantity” and “condition,” both of which were required 
to give proper scope to the foregoing definition. Attention is 
called to the fact that the list of terms in this paper reserves the 
adjective ‘‘controlled” for use only in designating a ‘‘controlled 
variable,” in order to emphasize that it is the only thing con- 
trolled. 

4 Primary Element. An element used for measuring pur- 
poses, which is in contact with the controlled variable, or is the 
first element acted upon directly by it. 

This definition is based on that given by the A.S.M.E. Fluid 
Meters Committee (6), and is amplified for general application to 
a primary element used in conjunction with any type of meas- 
ured variable or measuring means. The element may be located 
at the point of measurement of the controlled variable, as a ther- 
mocouple located in a pipe line or furnace wall. In other cases 
it may be in contact with the controlled variable and form a part 
of the measuring means of the automatic controller, as in the 
case of a Bourdon-tube element for a pressure controller. A 
third type, represented by a radiation-pyrometer element, is not 
in contact with the controlled variable. 

5 Automatic Controller. A mechanism comprising (a) meas- 
uring means for measuring a variable, and (b) operating means 
controlling the variable by functioning in a predetermined manner 
to initiate or effect corrective adjustments of an agent affecting 
the variable. 

In stating that an automatic controller is composed of ‘‘measur- 
ing means” and “operating means,” the thought is merely to 
cover the functions of this mechanism and not to suggest that 
there is any sharp dividing line between these two components. 
In some simple forms of automatic controllers, there is a single 
moving element that performs the measuring function and also 
develops the power required to vary the control agent. How- 
ever, as in the case of the term “automatic control system,” it is 
an easy matter to omit or restrict broad terms where necessary in 
dealing with simple construction. 

6 Self-Acting Automatic Controller. An automatic controller 
which has self-contained power means for initiating or effecting 
corrective adjustments, these means being actuated by the con- 
trolled variable either directly or indirectly through a dependent 
variable, but in either case without the use of power from an- 
other source or even from the same source used as though from 
a separate source. 

This definition is a slight modification of the equivalent in- 
strument term used by Smith and Fairchild (7). The term “self- 
acting” is used rather than “‘direct-acting,” which is otherwise 
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considered more suitable, in order to avoid confusion with the 
frequent use of the latter to designate that the automatic con- 
troller functions to increase a loading force or equivalent in re- 
sponse to increase of the controlled variable. Precedent for the 
companion terms “direct-acting” and “relay-type’’ can be found 
in established speed-governor usage (8). 

7? Relay-Type Automatic Controller. An automatic controller 
which utilizes, or is adapted to utilize, a power source separate 
from the controlled variable for initiating or effecting corrective 
adjustments. 

The controlled variable may be the power source for this type 
of controller, provided it is employed as though it were an en- 
tirely separate source. 

8 Control Agent. An agent which is varied by an automatic 
controller in order to correct deviations in a controlled variable. 

It is desired in this case to use an expression which will not be 
confused with the power medium, such as air, oil, or electricity, 
used by an automatic controller to transmit or apply its correc- 
tive action. The term “control medium” is believed to be sub- 
ject to such confusion, although in more common use than “‘con- 
trol agent”’ at the present time. . 

9 Final Control Element, such as Final Control Valve and Final 
Control Rheostat. A final operating element which is moved by a 
self-acting automatic controller or by a power unit to vary a con- 
trolagent. This element does not include a power unit. 

It is believed desirable to be specific in this case and to name 
the actual element involved wherever possible, using the more in- 
definite term “element” only where necessary in general discus- 
sion. The shorter term “control element” is thought to be too 


indefinite, as it might be applied to any one of several elements in 
an automatic control system. The term ‘controlled valve’’ is 
at present in very common use, but it is believed advisable to 
avoid designating a whole series of elements (such as variable, 


valve, and power unit) as all being controlled. Care is taken to 
state that a power unit is not included in a “‘final control element,” 
in order to forestall improper application of the latter term to 
cover complete diaphragm motor valves, which comprise a dia- 
phragm power unit and a final control valve in a single assembly. 
Where an automatic controller serves as a master or primary con- 
troller acting to adjust the setting of an auxiliary or secondary 
controller, the final control element of the first controller is the 
control setter of the second controller. 

10 Power Unit. A mechanism which applies power for oper- 
ating a final control element in response to action initiated by a 
relay-type automatic controller. 

This term is recommended rather than the possible alternate, 
‘power device,” because the word “‘unit’’ conveys the impression 
of a standardized fully developed product better than the word 
“device.”” Contention may be made that the term “‘power de- 
vice” is better suited to a diaphragm head for a final control 
valve than “power unit.”” On the other hand, ‘unit’? seems 
better suited to an air or hydraulic cylinder or to an electric- 
motor gear drive. Where the power mechanism is combined with 
one of the other units in any specific equipment, such combina- 
tion must be explained in describing that equipment, so that the 
implication of separateness conveyed by the word “unit” should 
be no actual disadvantage. If an intermediate power unit is em- 
ployed in any automatic control system, the unit operating the 
final control element can be termed the “final power unit.’ 

11 Corrective Action. A complete action initiated by the 
operating means of an automatic controller, in response to a 
change in the controlled variable, up to and including the result- 
ant motion of the final control element. 

12 Normal. The value of the controlled variable which it is 
desired to maintain. 

“Normality” is another possible term, but the word “normal” 
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is believed to convey the same idea and has the advantage of 
brevity. It is intended that this term should apply to a single 
value of the controlled variable as would be maintained by an 
ideal controller. The width of the normal zone of values, as 
maintained by any actual controller, should be covered by some 
other term having to do with control accuracy. That is, the defi- 
nition itself should not be stretched to cover the imperfections 
of practical equipment. Use of the word “normal” to designate 
a single value is in agreement with its commonly encountered 
equivalents, “control point” and “control setting,” both of which 
imply control action functioning to maintain a single value of the 
controlled variable. 

13 Deviation From Normal. The extent of divergence of a 
controlled variable from the normal value. 

The word “deviation” is believed to be in more general use in 
the stated sense than the possible alternative “departure.” 

14 Ultimate Control Sensitivity. The magnitude of change in 
a controlled variable which will cause effective motion of the final 
control element. 

The word “sensitiveness” has been suggested in this connection 
with the thought that “sensitivity” should be reserved for ap- 
plication to instruments. However, it is thought confusing to 
employ different suffixes for the same base term to represent ap- 
plication of the same idea to different fields of use, when the par- 
ticular application can be more definitely covered by employing a 
suitable adjective with the same base term. The adjective ‘“ul- 
timate’”’ has been included to distinguish definitely from other 
possible use of sensitivity to denote a ratio between cause and 
effect. 

15 Control Band. The range between the extreme values of 
the controlled variable necessary to effect complete operation of 
the automatic control action. 

This term has been used by Haigler (1) and has been chosen 
deliberately in preference to the common term “throttling range,’ 
in order to obtain increased scope and to cover two- and three- 
position, and other types of control in addition to the proportional 
position type. The term “throttling range’”’ seems properly to 
apply to the characteristics of a control valve. 

The term “control band’’ can be specified in units of measure- 
ment of the controlled variable, or when the automatic controller 
has a suitable scale, as a percentage of that scale or as a distance 
along it. For proportional-position control it is convenient to 
employ the specific term “proportional band” in place of ‘“con- 
trol band.” 

16 Droop. A shift in the equilibrium or average value of the 
controlled variable with change of demand due to an inherent 
characteristic of the automatic control action. 

For a heating process, droop is the decrease in temperature 
resulting when the demand is ghanged from minimum to maxi- 
mum; for a cooling process, droop is the temperature decrease for 
a demand change from maximum to minimum. 

17? Throttling Control. A type of control employing a correc- 
tive action which is capable of moving the final control element to 
required intermediate positions between the two extreme limits 
of travel. 

This is a general term which applies to any of the following 
types of control, with the exception of two-position control. 

18 Two- (Three-, Etc.) Position Control. A control with a 
corrective action that moves the final control element to one of 
two (or three, etc.) fixed positions. 

This term is considered preferable to such commonly used 
terms as “off-on” and “open-shut,” because it is sufficiently 
broad to include them and is also more accurate. In many cases 
a final control valve is not moved to its extreme positions in this 
type of control, but only to desired limits as determined by the 
setting of adjustable stops or limit switches. 


. 
Wess 
col} 
‘ be 
col 
tiv 
col 
3 be 
mé¢ 
tio 
de 
tu 
tel 
bit 
sel 
fo 
A 
re 
co 
fo 
pe 
th 
su 
co 
co 
CO 
or 
ig 
of 
tr 
st 
te 
tl 
tt 
te 
Ye fi 
si 
a 
n 
8} 
t] 
~ 


PRO-60-6 


19 Proportional-Position Control. A type of control with a 
corrective action which maintains a fixed and continuous relation 
between the position of the final control element and the value of a 
controlled variable within a working range. 

20 Floating Control. A type of control employing a correc- 
tive action that moves the final control element at a predeter- 
mined rate or rates in response to deviation from normal of the 
controlled variable, without maintaining any definite relation 
between the deviation and the position of the final control ele- 
ment. 

21 Floating-and-Proportional Control. A type of control with 
a corrective action which combines the characteristics of propor- 
tional-position control and floating control. 

A combination of this type commonly functions so that the 
final control element is positioned in predetermined relation to 
deviation of a controlled variable, and is also moved so as to re- 
turn the controlled variable to normal, thus eliminating the droop- 
ing characteristic of simple proportional-position control. This 
term is believed to be that which most logically covers the com- 
bined control action, based on a consideration of terms already 
selected for the component types. A similar term “combined 
proportional and floating method” has been used by Ivanoff (9) 
for a combination involving proportional-speed floating action. 
A number of other terms, such as drift compensation, droop cor- 
rection, and proportional control with automatic reset, are in 
common commercial use, but are considered too limited in scope 
for a term intended to be of general application. The term ‘‘pro- 
portional control with automatic reset,” or an abbreviated form 
thereof, is probably encountered most frequently. Abbreviations 
such as “proportional reset” do not indicate the full scope of the 
control action. The word “reset” itself, applied to a floating 
control action, is subject to confusion with the action of a primary 
controller in automatically changing the control setting of a sec- 
ondary controller. 

22 Process Lag. Retardation or delay in response of a con- 
trolled variable at the point of measurement to a change in 
supply or demand. 

Important process lags are demand-side storage lag, transfer 
lag, and velocity-distance lag. 

23 Demand-Side Storage Lag. Retardation or delay in re- 
sponse of a controlled variable to a change in supply or demand, 
due to storage capacity intimately associated with the main body 
of the process. 

24 Transfer Lag. Retardation or delay in response of a con- 
trolled variable to a change in supply or demand, resulting from 
storage capacity separated by resistance from the main body of 
the process. 

As stated, this type of process lag exists by virtue of resistance 
to flow, but is also dependent upon capacity. Where heat is 
supplied to a product through an intervening resistant material, 
the temperature difference across the resistance is dependent upon 
the rate of heat flow. In order to increase heat flow, supply-side 
temperature must be raised, with resultant increase in the quan- 
tity of heat stored in any supply-side capacity. Equilibrium is 
finally attained when the temperature difference across the re- 
sistance is just sufficient to pass the new rate-of-heat supply. 

Under such conditions, transfer lag is represented by the delayed 
response of the controlled variable to change of heat supply, as 
compared with the response that would be obtained if heat were 
applied directly to the product. 

A different order of transfer lag is obtained in response to a de- 
mand change. In this case it is represented by the delayed re- 
sponse of the controlled variable, as compared with the response 
that would be obtained in the absence of storage capacity sepa- 
rated by resistance from the main body of the process. 

Transfer lag is introduced by any element forming an append- 
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age to the main body of the process, if it has capacity and is con- 
nected to the main body by a flow-resisting element. 

25 Velocity-Distance Lag. Retardation or delay in response 
of a controlled variable at the point of measurement to a change 
in supply or demand, resulting from the fact that the product 
must traverse the distance separating the point of measurement 
from the point of application of the control agent. 

This term has been used by Mason (2). It is considered pref- 
erable to “transportation lag’’ and “flow lag,”’ because it is more 
specific. 

26 Control Lag. Retardation or delay in response of a final 
control element to a change in the controlled variable. 

This delay involves measuring lag and corrective lag. 

27 Measuring Lag. Retardation or delay in response of the 
measuring means of an automatic controller to a change in the 
controlled variable. 

Lag of the primary element, as well as that in the measuring 
means of the automatic controller proper, is included in this term. 

28 Corrective Lag. Retardation or delay in response of a final 
control element to an impulse from the measuring means of an 
automatic controller. 

29 Process Dead Time. The time interval between a sudden 
appreciable change of a control agent and the beginning of the 
resultant change in the controlled variable at the point of meas- 
urement. 

Dead time is an initial effect of lag, and is commonly a fairly 
definite and measurable interval. The foregoing definition ap- 
plies to a dead time following a change in supply. A similar 
dead time following a change in demand may, in a simple process, 
be due merely to velocity-distance lag. Precedent for the use of 
the term “dead time’’ can be found in speed-governor usage (10). 

80 Control Dead Time. The time interval between the be- 
ginning of a significant change in the controlled variable at the 
point of measurement and the beginning of an effective resultant 
movement of the final control element. 


INDEX TO DEFINED TERMS 


An alphabetic index of the terms defined in this paper follows: 
Automatic-control system, 2 
Automatic-control technology, 1 
Automatic controller, 5 
Control agent, 8 
Control band, 15 
Control dead time, 30 
Control lag, 26 
Controlled variable, 3 
Corrective action, 11 
Corrective lag, 28 
Demand-side storage lag, 23 
Deviation from normal, 13 
Droop, 16 
Final control element, such as final control valve and final control 

rheostat, 9 
Floating control, 20 
Floating-and-proportional control, 21 
Measuring lag, 27 
Normal, 12 
Power unit, 10 
Primary element, 4 
Process dead time, 29 
Process lag, 22 
Proportional-position control, 19 
Relay-type automatic controller, 7 
Self-acting automatic controller, 6 
Throttling control, 17 
Transfer lag, 24 
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Two- (three-, etc.) position control, 18 
Ultimate-control sensitivity, 14 
Velocity-distance lag, 25 
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Automatic-control problems in cracking plants may be 
taken as typical of those found in the oil industry. The 
author presents a flow diagram showing the control system 
of a cracking plant, and discusses the requirements for 
the various controls. The variables affecting the opera- 
tion of certain controllers are listed and compound effects 
resulting from the changes of some of these variables are 
described. In a cracking plant, location of control points 
is important in obtaining smooth and responsive control, 
as is attention to all means for reducing the time required 
for changes to be detected. The author points out that 
new chemical processes are being introduced into the oil 
industry which require still greater attention to control 
systems, and he emphasizes the fact that a discussion of 
present oil-refinery practice may offer unusual suggestions 
to those concerned with similar problems in other indus- 
tries. 


HIS paper treats principally with the application of auto- 
‘Lo control to cracking units for the production of gaso- 
line from heavy oil by an operation at high pressure and 
temperature. Enough problems are found in this branch of the 
refining industry to typify those met in other refining processes. 
The cracking process was in an advanced stage of development 
before satisfactory automatic control equipment was available. 
Consequently, as suitable controls were developed, they were ap- 
plied at various points to replace hand control and simplify the 
problems of operation. The two points to which automatic con- 
trol was first successfully applied were the discharge of gas and 
distillate from the product receiver. In many cases this released 
a man for other duties, and besides the direct saving in operating 
cost, there was an improvement in results due to smoother operat- 
ing conditions. From this beginning, automatic control has been 
extended until it now covers almost every important point in the 
cracking unit. Without this development, the high quality and 
yield of gasoline, quality of fuel oil, and length of runs which are 
commonplace today would be impossible. Fig. 1 shows the con- 
trol panel in the receiver or control house showing the banks of 
recording, indicating, and controlling instruments for the cracking 
operation and its attendant equipment in a modern refinery. 


Fiow SHEET oF A MopEerRN CRACKING UNIT 


Fig. 2 is a simplified flow sheet of a typical Dubbs selective 
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cracking unit. This shows the principal points where automatic 
control may be applied to modern cracking operation without at- 
tempting to cover the large number of auxiliary operations, such 
as absorption and stabilization, which can be directly connected 
to the cracking unit. 

The raw oil charge is pumped from storage through a flowmeter 
(12) by means of a direct-acting steam pump equipped with a 
pressure governor, or by a centrifugal pump. A level controller 
(1) in the lower or reservoir section of the fractionating column 
governs the rate of charge to keep an oil level and provide a suc- 
tion head for the heavy-hot-oil pump. The raw oil enters the 
column some distance above the reservoir and flows downward 
over a series of perforated side-to-side pans. These act as a di- 
rect-contact heat exchanger and a rough fractionator, condensing 
out the heaviest portion of the rising vapors while preheating the 
charge. 

The heavy-hot-oil pump takes suction from the bottom 
of the fractionating column and charges to the heavy-oil 
heater at a pressure and temperature of about 600 lb per sq in. 
and 700 F, respectively. The flow controllers (2) are provided 
in order to keep constant flow through each coil in the heater. 
The light-hot-oil pump takes suction from the reservoir midway 
up the fractionating column, and charges to the light-oil heater 
at a pressure and temperature of about 800 lb per sq in. and 575 F, 
respectively. Under good operating conditions there is always 
an excess of oil flowing downward past this reservoir and over- 
flowing to the bubble trays below. However, under certain con- 
ditions, particularly when starting up the unit, a shortage may 
occur. A level indicator (9) is provided to flash various colored 
lights in the control room, indicating a change in level to the 
operator. 

The oil, heated to approximately 930 F in the heavy-oil heater 
and 985 F in the light-oil heater, is transferred to the top of the 
reaction chamber and flows downward through it under a pres- 
sure of 275 lb persq in. The products of the cracking reaction 
namely, gas, gasoline, recycle stock, and residuum, are withdrawn 
from the bottom at a temperature of approximately 890 F. 

In order to keep a constant pressure on the reaction chamber, 
back-pressure controller (3) is provided which releases all the oil 
and vapors into the lower section of the flash chamber at a pres- 
sure of 75 lb per sq in. 

In the flash chamber, a separation of vapors and residuum or 
fuel oil takes place. The gravity of the residuum is controlled by 
the amount of cooling oil returned from the stabilizer to the cham- 
ber draw-off line and the top of flash chamber. The excess cool- 
ing oil is returned to the fractionating column above the reservoir 
through the back-pressure controller (8). 

The vapor stream from the top of the flash chamber passes to 
the lower portion of the fractionating column and upward through 
the side-to-side pans, exchanging heat with the raw charge and 
partially condensing. Above the pans, the vapors pass through 
bubble trays, through the vapor chimney in the light-oil reservoir, 
and through the upper trays, undergoing fractionation until the 
vapor leaving the top tray is raw gasoline and gas. 

In order to maintain a constant end point on the gasoline 
stream (indicated by laboratory control distillation), the tempera- 
ture controller (4) is provided, which regulates the quantity of 
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gasoline returned as reflux from the receiver to the top of the 
tower. 

The gas and vaporized gasoline and reflux at a temperature of 
about 375 F pass through the condenser to the receiver. 

The gas production is measured by a flowmeter (11) before 
being released through a valve operated by the back-pressure con- 
troller (5). This maintains the pressure on the system from the 
flash chamber at approximately 75 lb per sq in. 

The raw-gasoline product is pumped as made to a stabilizer 
through a valve operated by level controller (6). in the stabi- 
lizer (not shown) a further fractionation takes place, removing the 
undesirable light ends. 

As an aid to the fireman, balanced pressure valves (10) are pro- 
vided to maintain a constant pressure on the fuel gas header at 
the burners. 


PreEssuRE ContTrROL ON DISTILLATE RECEIVER 


As mentioned previously, the first two points to which auto- 
matic control was applied were 
the receiver pressure and level, 
shown as numbers (5) and (6) 
in Fig. 2, the flow diagram. 
The application of a simple air 
pilot-operated pressure control 
to the release of gas from the 
receiver gave very satisfactory 
and accurate results. This con- 
trol had a narrow throttling 
range (proportional narrow- 
band type, as classified by 
Haigler).? 

An on-and-off control might 
maintain a uniform pressure, 
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perature. Restricting the line 
between tower and receiver 
would minimize these varia- 
tions but would give an un- 
desirable pressure drop. Varia- 
tions in flow would also prevent 
accurate reading of the flow- 
meter on the gas, and this is 
important as an indication to 
the operator that his plant is 
running properly. 


Lrevet Controt on DistiL- 
LATE RECEIVER 


Control of the liquid level in 
the receiver was easily solved 
with a float-operated valve (6). 
Valve-stem and float-chamber 
stuffing boxes had to be kept 
tight to prevent leakage of 
gasoline. This caused some 
sticking and variable flow, but 
did not adversely affect the op- 
eration as long as the distillate 
was released direct to storage. 
However, progress in the oil industry resulted in the addition of 
stabilizers to cracking plants to prevent the losses which had 
previously occurred during the storage of ‘“‘wild” distillate. This 
made desirable a more uniform flow than could be obtained with 
the simple float-controlled valve. 

In some instances, a flow controller was installed to hold a con- 
stant rate of withdrawal from the distillate receiver corresponding 
to the average rate of production. This requires supervision by 
the operator who changes the rate of flow when the liquid level 
in the receiver shows a tendency to get out of bounds. When 
operating conditions are maintained smooth, the rate of produc- 
tion is so nearly uniform that the flow controller requires little 
attention. A flow controller modified by a level controller would 
give the smooth flow desired and eliminate watching the level in 
the receiver. This would tend to complicate the control situa- 
tion and add to plant cost, but might be justified in some cases. 

When averaging (proportional wide-band) level controls of the 
instrument type became available, they were applied and did a 
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satisfactory job, maintaining a damped smooth flow to the sta- 
bilizer by utilizing a portion of the reservoir height to compensate 
for variations in rate of flow into the receiver. With later de- 
velopment of proportional wide-band or averaging air pilots on 
float controls, these also gave a satisfactory flow to the stabilizer. 
They had certain advantages over the instrument or differential- 
gage controller for this application, because of the troubles in- 
herent in measuring a differential which might change due to 
vaporization, presence of water, or leakage, even though the rate 
of inflow and level had not changed. 

A receiver tank with 4 to 10 min storage time at normal flow 
furnishes sufficient capacity to damp out ordinary changes in 
flow with variations in level within the operating range of these 
float controllers. 


ConTROL oF FLow To HEATERS 


One of the most important points in smooth operation of a 
cracking unit is the maintenance of a uniform flow of oil at con- 
stant temperature from the heaters. With a centrifugal charg- 
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ing pump, uniform flow is easily obtained by providing one or 
more flow controllers, such as (2) in Fig. 2, which operate dia- 
phragm motor valves in each stream through the heater. 

With engine-driven reciprocating hot-oil pumps, one flow: con- 
troller can be set to operate a valve in the steam line to the engine, 
as shown in Fig. 3. This works only in the case of engines with 
hand-adjustable cutoff. A variable-cutoff governor on the en- 
gine would change the cutoff in an endeavor to keep the speed 
constant when the flow controller changes the steam throttle 
valve. 

Application of the flow control directly to the cutoff governor 
has been made which gives maximum steam economy, but re- 
sults in a rather expensive tailor-made control, requiring con- 
siderable engineering and cooperation between engine and in- 
strument manufacturers. 

With the steam throttle control there is an opportunity for the 
operator to become careless and set the cutoff too long, since this 
requires minimum attention to the engine. The proper method is 
to set the cutoff to such a point that the control valve in the steam 
line has the minimum satisfactory working differential. Poor 
steam economy results from too long a cutoff and low steam- 
chest pressure. 

The diaphragm motor valves used to control the streams to the 
heater are necessarily of sturdy construction since temperatures 
and pressures around 750 F and 1000 lb per sq in. are quite com- 
mon. 

Special consideration to details, such as chromium alloys in 
body and trim to resist corrosion, cooling fins on the bonnet, and 
lubrication of stem packing have contributed to success. De- 
pending somewhat upon the pressure drop through the heater 
tubes, these valves are usually sized to give a differential of 25 
to 50 lb per sq in. for normal flow and control conditions. When 
the differential is too low, variations in temperature in the heater 
and coking in the tubes will interfere with control, while a dif- 
ferential greater than necessary will result in an undesirable power 
loss due to the large quantities handled. 


ConTROL OF HEATER-OUTLET TEMPERATURE 


With constant flow of oil through the heaters and a gas fuel 
system maintained at constant pressure, hand control of the fires 
by means of the balanced pressure valve, shown as (10) in Fig. 2, 
is ordinarily satisfactory. This valve has no stuffing box, and 
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balances the reduced gas pressure against an air pressure fixed by 
a pilot reducing valve and leak. The pilot is located on the in- 
strument panel in the receiver house, close to the pyrometer re- 
cording the oil temperature leaving the heater. This gives a re- 
mote manual control on the heater outlet temperature. 

The outlet temperature of the heater may be maintained auto- 
matically by the use of a temperature controller operating a valve 
in the gas line. It has sometimes been found advantageous to in- 
stall the control point ahead of the transfer or outlet of the heater, 
particularly where the rate of change of temperature falls off to- 
ward the outlet. 

Referring to Fig. 4, the temperature at point A is more sensitive 
to changes in firing than at point B, so a controller working from 
point A would give a uniform temperature at B, even though there 
were slight fluctuations at A. 

When the heater has a straight-line temperature curve, as 
shown in Fig. 5, the outlet temperature is more sensitive to 
changes in firing and the use of the anticipation point has less 
value. However, when the outlet of the heater is subject to 
coking, a couple located earlier in the flow will maintain a more 
accurate indication over long runs; _ hence, the anticipation point 
may be desirable even at the expense of some sensitivity to firing 
rates. 

If changes in flow occur in a heater with a straight heating 
curve, the anticipation point will detect a change in temperature 
and indicate the need of a change in firing before the transfer 
temperature is affected. 

Satisfactory automatic control of a heater must take into ac- 
count the large number of independent variables which affect 
the outlet temperature. These may be listed as follows: (1) Rate 
of charge to heater, (2) temperature of charge to heater, (3) qual- 
ity of charge to heater, (4) outlet pressure, (5) vapor generation in 
heater tubes, (6) cracking in heater tubes, (7) coking of heater 
tubes, (8) pressure in fuel lines, (9) calorific value of fuel, and (10) 
atmospheric conditions. 

The speed of changes in these variables and the time before a 
change affects the outlet temperature can range widely. In a 
cracking heater provided with flow control as covered previ- 
ously, the first seven listed are ordinarily quite stable and changes 
occur slowly. Of course, an operator may make adjustments at 
infrequent intervals to Nos. 1 and 4, which will be abrupt, but 
time is then given for the system to reach equilibrium. 

On the other hand, changes in heating value of fuel, or atmos- 
pheric conditions, may result in violent and continuous changes 
in the duty of a controller operating on the gas to the burners. 
In general, the problem is usually solved by fixing as many of the 
variables as possible under their own independent controls, es- 
pecially Nos. 1, 4, and 8 in the foregoing list. 

Consideration must be given to heat-storage capacity in brick- 
work, and also in the oil, in order to obtain satisfactory control. 
Heat-storage capacity on both heating and receiving sides is low 
in comparison with many other operations, hence a sensitive con- 
trol with adjustable throttling range (proportional band) and 
speed of reset is necessary. 


REACTION-CHAMBER PRESSURE 


To control pressure in the reaction chamber with a back-pres- 
sure valve, the outstanding considerations are the large storage 
capacity back of the valve, desirability of uniform flow, and the 
severe conditions of temperature and pressure. A pilot-type 
controller of the adjustable proportional wide-band type is de- 
sirable in order to set the throttling range so that the control point 
will not wander, and still will give a smooth flow in spite of changes 
in temperature or quantity of oil from the heaters. 

The pressure tap must be made at a point where it will not coke 
up and give false or sluggish indications. 
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The diaphragm control valve must be good for temperatures 
up to 925 F and pressures up to 475 lb per sq in. with a differential 
of 400. Corrosion and erosion of the valve has been a problem, 
but this has been greatly reduced by streamlining the inner valve 
body and by the use of special chromium-alloy trim. 

A hand lever may be provided for working the valve when 
coked up or bound by the packing. This enables the operator to 
flush the valve when particles of coke or ganister lining get caught 
in it. Cooling fins on the valve bonnet and frequent lubrication 
greatly reduce the possibilities of sticking the valve stem in the 
packing. 


LEVEL ConTROL IN FLASH CHAMBER 


Another important control point for smooth and continuous 
operation of a cracking unit is the level at the bottom of the flash 
chamber, as shown by (7) in Fig. 2. A high level at this point 
will result in coking in the chamber and a high percentage of sedi- 
ment in the residue, while too low a level means that light ma- 
terial is withdrawn, reducing the yield of gasoline, and at the same 
time spoiling the flash point of the residual fuel oil. 

Both internal and external float controls have been used in this 
service. On account of the high temperature it is desirable to 
provide a cooling-oil connection at the float stuffing box to keep 
it from coking. Locating the control valve between the flash 
chamber and the cooler often results in coking and sticking due to 
the high temperature. Placing it after the cooler also causes dif- 
ficulty because viscous residuum makes the stem sticky and valve- 
motion sluggish. Accordingly, a location part way down the 
cooling coil at a flowing temperature of about 400 F often gives 
much better satisfaction. 

The controller should have proportional wide-band character- 
istics in order that the flow remain relatively smooth. Wide 
changes in the valve setting, which might occur with a propor- 
tional narrow-band controller, would result in withdrawal of 
vapors, since the liquid storage in the bottom of the chamber is 
intentionally minimized by means of an extension neck to pre- 
vent coking. 


ConrTroL or REesipuuM GRAVITY 


The cooling oil used for regulating the quality of the residuum 
from the flash chamber is injected into the reaction-chamber 
drawoff, and sprayed into the top of the flash chamber. This is 
ordinarily under hand control. Automatic flow control has been 
advantageously used at this point in order to provide closer 
regulation. 

The back-pressure valve, shown as (8) in Fig. 2, has as its main 
function the disposal of excess cooling oil from the stabilizer re- 
boiler by returning it to the fractionating column. By keeping 
constant pressure on the cooling-oil header, it also keeps a steady 
flow of cooling oil either under hand control or automatic flow con- 
trol to the flash-chamber inlet and top. This is a pilot control of 
the proportional narrow-band type, since there is no capacity 
in the line to take up variations. 


LEVEL CoNTROL AT THE BASE OF FRACTIONATING COLUMN 


The level control in the base of the column, shown as (1) in Fig. 
2, is preferably of the proportional wide-band type to minimize 
surging. The response of level to variations in flow is rather slow 
since the oil is introduced above a series of perforated pans. 
Furthermore, the change in level is amplified in comparison to the 
change in flow of raw oil, due to the condensation of vapor. 

A reset mechanism is not necessary, or even desirable, in this 
control, since bringing the level back to a normal overcorrects the 
flow and acts opposite to the damping or averaging effect desired. 

The raw charge to the unit may also be handled by a flow con- 
troller in the raw-oil line instead of the level controller shown in 
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the flow diagram in Fig. 2. In this case, variations of liquid level 
in the fractionating-column reservoir must be compensated by 
manual adjustment of the controller. Under normal operating 
conditions, the capacity of the plant fixes the feed rate. A con- 
tinued rise in level indicates the necessity of adjusting operating 
conditions to maintain the capacity in preference to the alterna- 
tive of decreasing the flow. 

The alternate methods offered for this control represent two 
opposing philosophies. In the first method, the control adjusts 
the feed independently of the operator. A decrease in feed rate 
shown by the flowmeter which is numbered as (12) in Fig. 2, will 
necessitate a search for the cause in order to correct it and main- 
tain the capacity. The cause may be any one of a number of 
factors affecting the operation. In the second method, the raw- 
oil feed is fixed by the flow control, and a continuous rise in the 
level at the bottom of the fractionating column will again send 
the operator searching for the cause in order to correct it without 
changing the charging rate. With efficient operators, the two 
methods give substantially equal results. The lax operator can 
ride along with the first scheme at reduced capacity, but he would 
be in trouble with an upset plant in the second case. 


ConTROL OF GASOLINE END Point 


Early attempts at automatic control of the tower temperature, 
shown as (4) in Fig. 2, encountered many difficulties because of 
the limitations of the controllers available at that time. 

Most of them worked on a comparatively narrow throttling 
range (proportional narrow band). This resulted in setting up 
hunting cycles in the tower. First, the temperature changed. 
After a time lag the instrument observed the change. After an- 
other time lag, the instrument began to change the reflux rate 
to the top of the column. Another time lag and the tempera- 
ture in the top of the tower felt the effect of the change in reflux. 
In the meantime the instrument had overdone the change in re- 
flux, and the cycling or surging was on its way. 

Pyrometer controllers with electrical relay systems and motor- 
control valves were tried, since the control was simply an addi- 
tion to the pyrometer already in use. At first a single motor 
shifting a control valve between a high and a low point was used. 
This resulted in severe hunting and was definitely unsatisfactory. 
Two motor controls, having three contact points, high, neutral, 
and low, gave somewhat better results, since they could be set 
with the second motor to shift the neutral point to correspond 
with a change of load. These controllers were highly expensive 
and later installations were provided with thermometer-bulb sys- 
tems with air-operated relays which were developed for the pur- 
pose. 

The modern instruments with adjustable throttling range and 
reset speed (proportional reset type) have shown considerable 
advantage in coping with the many variables which can affect this 
important point. As an illustration, the operation of this con- 
troller may be affected by changes in (1) quantity or temperature 
of raw oil fed into the lower part of the column acting as a heat 
exchanger; (2) hot-oil-pump speed changing the quantity of 
vapors to tower; (3) heater-outlet temperature; (4) quantity of 
cooling oil to the flash chamber;, (5) rate of reboiler heating- 
medium drawoff, and temperature of returned oil; (6) quantity 
or quality of absorption oil returned to the tower; (7) quantity or 
temperature of condenser water; (8) receiver pressure; and (9) 
gas production due to changes in cracking conditions. 

Many changes result in compound effects. For example, an 
increase of cooling oil returned to the tower reduces the amount of 
heat in the vapors to the top of the tower and the condenser, and 
reduces the amount of reflux necessary to maintain a given top 
temperature. At the same time, if the vapor line be small and 
the condenser have a high pressure drop, the pressure at the top 
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of the fractionating column will be reduced, and a heavier or 
higher end-point material will be in vapor-liquid equilibrium for 
the given toptemperature, requiring a change in the control point to 
maintain the desired gasoline end point. This might not be de- 
tected immediately, since laboratory control distillations take 
some time and are seldom made on an hourly basis. The oper- 
ator must consequently watch for such pressure changes and make 
corrections as his judgment dictates until the unit is again under 
control. 

An increase of transfer temperature with constant flow through 
the heaters would have an immediate effect of carrying more heat 
over into the fractionating column and would require an increase 
of reflux at the topofthecolumn. The higher temperature would 
also have an effect on cracking conditions resulting in an increase 
of raw-oil capacity for a given rate of pumping feed to the heaters. 
The increased raw-oil feed with a fixed quantity of vapors would 
result in more condensation at the bottom of the tower and would 
gradually reduce the reflux over the top of the tower to a value 
lower than the starting point. 

The nine changes previously mentioned may be classified in 
two types according to the way they affect the top tower tempera- 
ture control: (2) Changes which require variations in the quantity 
of reflux returned to the column and which an automatic contro] 
can handle without correction by the operator, such as 1 to 6, 
inclusive; and (b) changes which require a revision of the set 
point to maintain a desired gasoline end point, such as 7, 8, 
and 9. 

These latter changes require corrections by the operator, which 
are indicated by a survey of plant conditions or by control tests. 
Some of these might be compensated for by the use of interlocking 
controls, such as provision of an adjustment of the set point of the 
temperature controller for changes in pressure at the top of the 
tower. In general, the conditions are so many and possibilities 
so varied that better success is obtained by holding all possible 
variables constant by independent controls and training the 
operator to correct for the remainder rather than attempting to 
interlock many control points. 


PRACTICAL CONSIDERATIONS 


Some comments on the difficulties of the plant instrument man 
may be of value here. They are the result of a number of years 
of continuous experimentation and change. 

How far should automatic control be carried? 

The differences between the results of good hand operation and 
automatic control at the same point may be within the limits of 
experimental error in gaging. However, the quantities handled 
are so large, and their value so great, that an improvement of a 
very small fraction of 1 per cent in yield or capacity will pay hand- 
some dividends on the investment for satisfactory automatic 
control. 

It is well to understand that the majority of oil refinery proc- 
esses can be hand-controlled and will be if the means of auto- 
matic control fail to give smooth, uniform operating conditions. 

Failure of a controller at a vital spot, even for only a moment, 
may result in a costly shutdown of a plant, requiring two or three 
days for cleaning and bringing back on stream. 

A series of failures of a given control will seriously prejudice an 
operator against it as having betrayed his trust. 

In some plants there has actually been an inclination to mini- 
mize the amount of automatic control equipment on the ground 
that the operator may too completely trust the controls and be- 
come careless. Operators will often attempt to adjust a control 
rather than seek out the cause of a disturbance, with the result 
that the plant may be upset for some time and the instrument 
man has a complete job of readjusting on his next shift. 

Ability to make adjustments to an instrument without taking 
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it out of service is a major advantage, as many refining processes 
may run for months without a shutdown, and serious upsets may 
occur if an instrument goes “off control’ while being adjusted. 

In general, automatic control for the oil industry must be rug- 
ged, protected against corrosion of several varieties and readily 
understandable and adjustable by plant instrument men. 

There is a real advantage in the use of temperature controls of 
the pyrometer indicating or recording type with a good air sys- 
tem for control, particularly for remote foreign service. Failure 
of a thermometer-bulb system requires the return of the instru- 
ment to the factory and it may be three or four months before it 
can be repaired and again placed in service. On the other hand, 
the pyrometer and air-control system can be kept in condition by 
the local instrument man. 

Since most processes are under the constant supervision of a 
well-trained operator, equipment which will enable him to main- 
tain steady conditions, but allows and requires him to think out 
proper corrections in case of an upset, is better than an elaborate 
system which functions beautifully in a smooth-running plant 
but goes to pieces in an emergency and has to be disconnected 
while the plant is nursed back to normal by hand control. 

Many of the difficulties encountered in the field are annoying 
little mechanical defects which proper planning and inspection by 
both instrument manufacturer and the refiner could eliminate. 

A frequent cause of difficulties with automatic control is failure 
on the part of the refinery to provide clean dry air. Oil or water 
vapor carried along from the compressor may clog delicate ports 
oer leakages, and worse still may freeze in cold weather. Usually 
little attention is paid to this matter until major difficulties force 
consideration. Provision of air receivers outside the control 
house and housing controllers with steam coils will improve con- 
ditions. A suggestion made in National Petroleum News? is 
the installation of small tanks for saturating the air with alcohol 
to prevent freezing. 

Sizing of control valves is often difficult because variations in 
charging stocks or operating conditions to obtain different prod- 
ucts often make great changes in rates; hence, wide rangeability 
is desirable. Sometimes a single valve will not work properly 
over the range required and two valves of different sizes are placed 
in by-passes, to be used according to the load. 


LocaTIon oF ContTROL Points 


The location of control points should be carefully chosen, as in- 
dicated previously in the discussion of control of heater-outlet 
temperature. For example, in the measurement of heater-out- 
tet temperature, a thermocouple installed in a special outlet-tube 
header fitting may show a difference of as much as 10 F from a 
couple located in a boss on the side of the outlet line 1 or 2 ft 
away. At the same time, the first couple will detect changes 
more quickly because of greater depth of immersion and less 
radiation. 

Temperature indicating points, whether of the pyrometer or 
thermometer type, should be placed in a location of high velocity 
to take advantage of increased transfer rates, and reduction of the 
time necessary to show a change. 


3“*To Prevent Freezing of Control Instruments,’’ National Petro- 
leum News, vol. 29, October 6, 1937, p. R-231. 
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Thermometer wells should be of minimum thickness for the 
same reason, and where chromium alloys are used for corrosion 
protection it should be remembered that their heat conductivity 
may be only half that of steel. 

Pressure taps should be taken from locations where velocity is 
low, to eliminate the effect of velocity head. Liquid-level con- 
trols likewise will be affected if one or both taps are located on 
lines through which flow occurs. The friction drop through a 
nozzle and short length of pipe may easily equal a greater head 
than the range of the controller. Consideration of process time 
lags will sometimes dictate the location of control points in order 
to obtain maximum speed of response to changes at the expense 
of some sensitivity or accuracy. 

There is a tendency in some quarters to consider self-actuated 
devices, such as float-operated lever valves, spring-loaded pres- 
sure governors and reducing valves, and self-acting temperature 
controls, outside the field of control instruments. 

Although these are unsatisfactory for many services, they have 
a definite place in the refining industry within their limitations, 
because they are usually rugged and require a minimum of ad- 
justment and servicing. Where they are used in conjunction 
with other more sensitive types, their characteristics must be 
carefully considered with regard to the possibilities of interference 
with other parts of the control system. 


NEEDS OF THE INDUSTRY 


As mentioned earlier, automatic control has been gradually 
evolved from hand control on a large majority of refinery proc- 
esses. However, more and more the modern refinery is becom- 
ing a chemical plant with new processes and their attendant con- 
trol problems being continually added. 

The development of new methods for solvent extraction, poly- 
merization, treating, alcohol production, and other chemical proc- 
esses often requires new control equipment or the improvement 
of equipment now available. Continuous recorders and control- 
lers for vapor pressure, viscosity, acidity, color, and other prop- 
erties could be worked into many of the new plants with an im- 
provement in quality or yield of products, 

Many of these new processes are evolved from laboratory re- 
search, and the control system must be completely planned out 
in advance of commercial operation. The process must be con- 
sidered as a series of unit operations and the necessary controls 
arranged on the basis of experience in similar situations, with 
special consideration for the interaction or interference of controls 
between different sections. 

It is very important that the proper instrument be selected in 
the first place because, once installed, there is a strong tendency 
to “get along with it” unless it is absolutely hopeless. So “al- 
most satisfactory” results are often tolerated for long periods at 
sacrifice of yield and quality. 

To aid the engineer in making the right selection, an improved 
system of classification of control equipment and its limitations, 
as well as the criteria and quantitative methods for selecting the 
proper type of control from fundamental data in the process, is 
highly desirable. This would make control problems easier of 
solution by definite rules rather than by expensive cut-and-try 
methods. 
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Pressure-Type Thermometer Systems 


By L. G. BEAN, WATERBURY, CONN. 


This paper, which deals exclusively with the common 
forms of industrial temperature-measuring systems work- 
ing on a pressure principle, analyzes the essential elements 
of a basic pressure-type system with reference to the de- 
sign problems involved and describes various typical 
instruments in the conventional classifications in order to 
illustrate the development of these thermometer systems 
into reliable instruments for commercial measurements. 
Included in these classifications are liquid-filled, vapor- 
tension, and gas-filled thermometers, all of which are de- 
scribed and illustrated. 


S A MEANS of measuring temperature, the principle of 
using a pressure measuring device and including it in a 
closed system filled with an expansible medium, so ar- 

ranged that a change in temperature at a sensitive surface re- 
sults in a change in pressure in the system, is very old. The 
expansion of a gas was so applied by Galileo in his “thermo- 
scope” early in the seventeenth century, and, later, inthe early years 
of the nineteenth century, employing the then formulated gas laws 
of Boyle and Charles, an absolute-temperature scale was devised 
on the basis of which the gas thermometer still exists as a pri- 
mary standard. This thermometer in its fundamental form, 
however, is a laboratory instrument. It is the purpose of this 
paper to deal exclusively with the common forms of industrial 
temperature-measuring systems working on a pressure principle. 

In industrial practice, almost all of these pressure measuring 
systems use some form of a Bourdon tube, commonly circular, 
spiral, helical, or involute. There are also diaphragm types of 
elements, such as bellows or capsular springs, although these are 
not commonly used for strictly measurement functions; hence, 
no special mention will be made of them herein. However, 
much that will be said of Bourdon types would be applicable to 
them as well. In general, inasmuch as the subject of this paper 
is temperature-measuring systems, the author will not attempt 
to include those forms of so-called self-operated temperature con- 
trollers wherein the temperature-measuring system, that is, the 


1 Sales Manager, Bristol Company. Mem. A.S.M.E. Mr. Bean 
was graduated from Worcester Polytechnic Institute in 1920, after an 
interrupted course with War Service, during which he graduated from 
U. S. Coast Guard Academy, and served for two years as Engineer- 
ing Officer in the Coast Guard. He resigned from the Coast Guard 
to study for another year at Worcester Polytechnic Institute and 
received the degree of B.S. He became associated with The Bristol 
Company, Waterbury, Conn., in June, 1920, as sales engineer. In 1921 
he became district manager in the Boston District; in 1925 he went 
to Chicago as district manager; in 1930 he returned to Waterbury, 
Conn., as assistant chief engineer; in 1932 he became chief sales en- 
gineer of The Bristol Company and was made director of the com- 
pany; and in 1935 he became sales manager. Mr. Bean’s work in- 
volved application of control devices to steel plants, power plants, 
continuous milk heaters, chemical autociaves, and furnaces and ovens. 
His work as engineer involved design of potentiometers, temperature-, 
pressure-, and flow-measuring instruments and coordinated control. 

Contributed by Committee on Industrial Instruments and Appa- 
ratus of the Process Industries Division and presented at the Spring 
Meeting of THE AMERICAN Society oF MECHANICAL ENGINEERS, 
held at Los Angeles, Calif., March 23-25, 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until December 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

NOTE: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


system which is sensitive to changes in temperature by corre- 
sponding changes in pressure, is called upon to develop sufficient 
power to perform, directly, control functions, such as to operate 
a valve. The author. proposes to limit the paper to systems 
which measure temperature as their principal function and do 
no material amount of work. 

The prime purpose of the paper, within the limited space 
available, is twofold: First, to analyze the essential elements 
of a basic pressure-type thermometer system with reference to 
the design problems involved and, second, to describe various 
typical instruments in the conventional classifications in order to 
illustrate the development of these thermometer systems into 
reliable instruments for commercial measurements. It may be 
said here that it is not the object of the paper to promote or ad- 
vance one type of system over another, but rather to attempt 
to generalize on all of the common types of pressure-type tem- 
perature-measuring systems that are at present available com- 
mercially in this country. 

On analysis, pressure-type thermometer systems break down 
into five logical parts, namely, (1) the pen, or pointer, with its 
attendant mechanisms, or linkages; (2) the Bourdon-tube meas- 
uring element; (3) the capillary connecting tubing, or trans- 
mission system; (4) the bulb, or sensitive element; and (5) the 
filling medium. In general practice, these thermometer systems 
are more or less arbitrarily classified according to the last of these 
five elements, that is, the filling medium. Before considering the 
systems in view of such classifications, it is interesting to review 
and comment upon these five parts which are common to all 
types of pressure systems. 

Ideally, in the problems of measurement of pressure in ther- 
mometer systems, it would be useful if the bulb, or sensitive 
element, only were subject to the temperature changes being 
measured, all of the other elements comprising, then, an isother- 
mal system at some temperature of reference. Moreever, on this 
elementary basis, especially in gas-filled systems, no change in 
volume would take place anywhere in the system, hence the 
pressure would be a function of the temperature at the sensitive 
element alone. Also, in the ideal case, we would, of course, pre- 
fer that the indicated pressure in the system be a linear function 
of the actual pressure, or, at least, a simple function thereof. 
Given such conditions, it would then be possible to apply con- 
fidently the known gas laws, vapor-pressure laws, or the laws of 
expansion of fluids to this problem. Actually, of course, none of 
these ideal conditions obtain in industrial instruments and it is 
the effects of the departure from these conditions, as well as the 
extent of the effects, that the author proposes first to analyze. 


ELEMENTS OF A PRESSURE-RESPONSIVE THERMOMETER SYSTEM 


1 The Pen or Pointer System. The important details of this 
system are within the control of the designer, and the technique 
of manufacture. Whether the instrument is recording, indi- 
cating, or embodies control features in conjunction with either 
or both of these features, it is general practice to make fixed parts 
heavy and moving parts rigid but as light as possible. Freedom 
from friction and backlash in bearings, linkages, and gearing are 
obvious mechanical requirements. Fortunately, sufficient power 
is usually available so that the simplest bearings are adequate 
even without much attention to lubrication when proper align- 
ment of parts is made carefully. 

Much can be written about the use of linkages, particularly in 


657 


- 
& 
SEA 
: 
— 
ak 
of 
2 
: 
4 
| 
| 


658 TRANSACTIONS OF THE A.S.M.E. 


the case in which they are used for multiplication of angular move- 
ments between the Bourdon spring and the pen, or pointer. By 
simple geometry, when two members, each capable of rotation 
about axes not coincident, are connected by a rigid link, their 
angular motions are linearly related only in the case where the 
radii of the circles of rotation are equal, and the length of the link 
is equal to the distance between the axes. Within limits, how- 
ever, very nearly linear multiplication of angular movements 
can be effected by proper orientation of parts and is so generally 
employed. The multiplying devices using gears, commonly 
made use of in dial-type thermometers, are not subject to this 
nonlinearity. 

Temperature effects on linkages taking place within the in- 
strument case are considered, for all practical installations, rela- 
tively so small as to be negligible. It does not seem reasonable, 
for any ordinary conditions of ambient-temperature changes, 
that the expansion of the small linkages, or mechanisms in the 
instruments, can be appreciable. 

A note may be added here concerning the instrument scale or 
chart. Once properly designed, these also cannot reasonably 
be considered to be appreciably affected by ambient-temperature 
changes. Paper charts are, however, subject to changes in di- 
mensions with extreme variations in relative humidity. Such 
effects should be reduced to negligibility by (1) careful specifi- 
cation of the material to the paper manufacturer and (2) by 
printing the charts under controlled humidity conditions at some 
average value of relative humidity, usually 50 per cent. 

2 The Bourdon Tube. Concerning the theory and design of 
this very essential element of our basic thermometer system 
little can be said. Several excellent analyses bearing on funda- 
mental design have been made and mathematical relations set 
up.?%45 None of this theoretical work, however, seems to have 
influenced greatly the development of the present apparatus, 
which has reached its present state more by empirical 
methods. The chief difficulty has apparently been that the 
metallurgist has not yet been able to recognize and control 
fully the essential properties of the materials used for Bourdon 
springs. It has remained for the instrument manufacturer to 
select carefully his spring materials, to determine proper heat- 
treatment and aging procedure, to develop tests for each lot of 
material for flexure, creep, set, hysteresis, and endurance, and to 
experiment with various winding forms and cross-sectional shapes. 
As a result, the Bourdon-tube design generally rests on con- 
siderable practical experience rather than upon theoretical 
analysis. 

Up to within a few years ago, practically all tubes were made 
of nonferrous metals and alloys. The improvement of steel 
alloys, however, has led to the somewhat limited use of steel 
and various steel alloys for measuring elements, although the 
cost of such elements is generally higher than that of nonferrous 
tubes. In the case of mercury-filled systems, only ferrous metals 
can be used. Improved technique in making metal tubes has 
eliminated, in the most part, the problem of hysteresis effects and 
set. 
Bourdon tubes used in pressure-type thermometer systems are 
most commonly either of the helical or spiral form of winding, as, 
for example, the typical systems shown in Fig. 1. The form used 
depends to a large extent on the pressures employed in the system 


2 “Theorie der Réhrenfedermanometer,’’ by H. Lorenz, Zeit. V.D.I., 
vol. 54, October 29, 1910, pp. 1865-1867. 

3**Theory of a Bourbon Tube Pressure Gauge,’ by C. Sunatani, 
Technology Reports of Tohoku Imperial University, Japan, vol. 4, 
no. 2, 1924, pp. 69-110. 

4**Pressure Gauges for Sub-Surface Pressure Measurements,” 
Oil and Gas Journal, vol. 35, June 4, 1936, p. 32 ff. 

5 ““Pressure-Responsive Elements,’’ by P. G. Exline, Trans. 
A.S.M.E., vol. 60, November, 1938, paper PRO-60-4, pp. 625-632. 
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and the angular deflection which it is required to produce before 
multiplying mechanisms are applied. The pressures, in turn, 
are largely dictated by the filling media used, concerning which 
more will be said presently; also, the angular deflection required 
varies with the particular type of instrument under consideration. 
Since dial-type thermometers ordinarily are required to register 
over a wide angle, the deflection of the spring must be multiplied 
much more than in the cases of recording instruments, or recorder 
controllers, hence, the almost universal use in the former case 
of multiplying gearing in preference to the linkages of recorders. 
In general, the larger the angle of deflection desired before any 
mechanical multiplication is applied, the longer the tube must be, 
or, the more turns the spring must have. In practice, space re- 
quirements within the recorder case influence the choice of wind- 
ing shape of a particular spring. Where increased length of spring 
increases the axial length of a helical spring beyond permissible 
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limits, the spiral spring is preferred, which increases its radial di- 
mension only with increasing length of spring in order to avoid 
resorting to multiplying linkages. . 

The cross-sectional shape of the Bourdon tube influences the pres- 
sure-deflection characteristic and many shapes are available, 
such as, round, flat, elliptical, and D-shaped. In most tempera- 
ture systems, however, it is desirable to keep the volume of the 
filling medium in the spring as small as possible; hence, the flat 
spring is widely used. This shape does have the disadvantage 
of deforming most under pressure for a given length of spring. 
Other shapes exhibit greater torque but involve larger internal 
volume, which as said before, is not, in general, desirable. 


P 
m 
su 
cc 
T 
pl 
in 
st 
sI 
a 
te 
> 
4 
| 
| 
F 
Dp 


PRO-60-8 


Spring characteristics, that is, angular deflection plotted 
against applied pressure, are not strictly linear; but, in a ther- 
mometer, liquid-filled or gas-filled, the medium is initially under 
such pressure that deflections due to temperature changes are 
confined to a substantially straight part of the pressure curve. 
The vapor-tension type cannot, of course, be given an initial 
pressure, but the spring is so chosen for any particular medium 
that the characteristic is linear in so far as the spring is concerned 
in the usable range. 

The Bourdon spring unlike other parts located in the in- 
strument case, has to be guarded against excessive temperature 
changes, and changes in barometric pressure. In the first place, 
as has been pointed out, the volume inclosed by the tube is kept 
smaller; also, compensation is often provided employing bi- 
metallic elements. As for the effects of barometric changes, these 
are usually designed to be negligible with respect to the internal 
pressures of the filling medium. Other pressure changes which 
could approach serious values can result from temperature 
variations in a tightly closed instrument case. It is, however, not 
usual to find it necessary to provide means for automatic com- 
pensation for these effects. 

8 The Capillary Connecting Tubing. This is the transmission 
system between the temperature-sensitive bulb and the pressure- 
sensitive Bourdon spring and, as such, is in general filled with the 
same medium as the bulb. Therefore, it is in itself temperature- 
sensitive to some extent, depending on the filling medium, the 
range involved, the range of ambient-temperature changes, and, 
in some cases, the means of compensation. However, these ef- 
fects are somewhat intimately connected with the filling medium, 
and will be discussed more fully in that connection. 

Generally, in liquid-filled, mercury- or gas-filled systems, the 
smaller the bore of the tubing, the less the effect of temperatures 
along the transmission tubing. Hence, the improved technique 
of drawing fine-bore capillary of uniform cross section, as de- 
veloped in the last few years, has helped to improve the quality 
of thermometer manufacture. Such tubes can now be drawn of 
brass, copper, steel, or stainless steel, the material selected in any 
particular case depending on the filling medium and the service 
to which it is to be subjected. 


TO INSTRUMENT 


Fie. 2. Coitep BuLB 


Since much of the criticism of pressure-type thermometers is 
leveled at the vulnerability of the transmission tubing to me- 
chanical breakage, much effort has been made to strengthen it in 


every possible way. Actual bending tests have helped in selecting 
materials of satisfactory durability and various means of pro- 
tecting the capillary tubing at its terminals. One such means 
employing a coiled capillary to spread the strain of bending over 
larger areas of tubing is shown in Fig. 2. Also, immensely im- 
portant is the improvement in technique of making junctions 
between tubing and the terminal devices. Improved means of 
welding and brazing have rendered this problem less difficult 
and decreased some of the former difficulties due to corrosive 
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and plugging action of the fluxes used, and weakening by crystal- 
lization of the tube at the junction. 

4. The Bulb, or Sensitive Element. Sensitive bulbs are made in 
many sizes and of many details. Their design is a highly detailed 
subject. In general, the size is determined by the filling me- 
dium being used, and the length and bore of the connecting tubing; 
also, in some cases, by the kind of temperature measurement de- 
sired. The material is determined by the construction of the 


BULB . 


Fie. 3 Gas-Line THERMOMETER BULB 


bulb, its filling medium, and the external conditions to which 
it is exposed. The design problem is essentially that of a heat 
exchanger; thus, as a first principle, the selection of the material 
is important. It should be one of the highest possible heat con- 
ductivity, consistent with good fabricating properties, and having 
strength and corrosion resistance to withstand both internal and 
external conditions. Thickness of wall will also be a minimum 
with respect to mechanical requirements. 

In the past, in order to meet certain requirements of customers, 
bulbs have sometimes been designed with relatively poor 
physical properties; for instance, with an extremely large head 
and nut and union, yet with a small sensitive section. Such a 
bulb, of course, is subject much more to radiation losses from the 
head and union than is one with a relatively small head and 
union, and a larger sensitive portion. One scheme for building 
a more nearly ideal bulb, utilized to some extent in past years, 
has been to make the sensitive portion of one material, having a 
high thermal conductivity, and the unaffected extension, to- 
gether with the head and union, of a material of low thermal con- 
ductivity. This tends, of course, to prevent the flow of heat 
from the medium being measured to the external atmosphere, and 
vice versa. As an illustration, Fig. 3 shows such a bulb, which 
has been used to quite a considerable extent in the gas fields, the 
lower section E of this bulb being made of aluminum, a metal 
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with a high coefficient of conductivity. A slight additional sen- 
sitivity in this case is added by the fins which are turned integral 
from the same stock. The length D and the threaded nut C are 
made of stainless steel, which has a relatively low coefficient of 
conductivity, the sensitive length of the bulb being limited to the 
length E of the socket. This construction, therefore, lessens 
the effect of ambient temperatures reaching the sensitive portion 
of the bulb, and vice versa. Whether this rather improved design 
is used or not, it is always essential that the bulb design be such 
that the entire sensitive length and preferably a little more is sub- 
jected to the temperature to be measured. That applies prac- 
tically regardless of the filling medium being used. 

The use of separable protective sockets for thermometer bulbs 
is unfortunately a necessity in many applications. The prin- 
ciples of design are largely identical to those governing the bulbs 
themselves. Obviously the closer and tighter a fit that can be 
had between bulb and socket, the better the heat transfer. In 
practice, very often the space between bulb and socket is 
filled with oil, or foil, or some similar substance, to improve 
heat transfer, although as a general practice it is not to be rec- 
ommended unless so designed. Good design will also, of course, 
take into account any difference in thermal expansion between 
bulb and socket. 

5 The Filling Medium. It is not our purpose to include here 
a digression into the physics of the materials used in the filling 
of pressure-type thermometers. The materials themselves are 
well-known and the properties that are useful in these modes of 
temperature measurement are readily accessible in any handbook 
of physical data. The author prefers to consider under this 
heading these media from a point of view more germane to the 
general subject. 

Because the filling medium is the means by which the general 
classification of thermometers is most readily broken down and 
because the characteristics of instruments are more dependent 
on this than any other one factor, we will consider each of the 
classes separately. Briefly, in industrial use, they fall chiefly 
into three general classifications: (1) Liquid-filled, including 
mercury, (2) vapor-tension, and (3) inert-gas thermometers. 
It is impossible to say that any one type of filling medium pro- 
duces an all-round better instrument than any other and 
it is not the object of this paper to champion one type as 
against the other. All of the types as given have had commercial 
use and their selection is largely dependent on the ranges and 
type of service involved. 


I—Liquip-FILLED THERMOMETERS 


It is impossible to consider properly liquid-filled thermometers 
without first separating the two principal types, namely, mer- 


cury-filled and other liquids, such as alcohol. Their points in 
common are that they both consist of systems filled full of the 
liquid. By that is meant the bulb, tubing, and Bourdon tube are 
filled full of the liquid and depend on their operation for the ex- 
pansion of that liquid under temperature. In either case, it is 
essential that the system be properly evacuated and that it is 
full. 

In order that these systems may be more easily followed in this 
paper, each type of system discussed is accompanied by a simple 
line drawing to illustrate it, as shown in Figs. 4, 5, and 6, wherein 
the system is designated first by a general number JI, II, or 
III, showing whether they are liquid-, vapor-, or gas-filled and with 
a subletter after it, showing the variations therein. These 
sketches ere purely diagrammatical, and, in general, attempts 
at linkages have been eliminated. In actual manufacture, many 
of them employ somewhat more elaborate linkages than shown, 
but the principles of operation are the same. 

In Fig. 4, I-a shows the simple liquid- or alcohol-filled system. 
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Such a system may be termed a case-compensated liquid-filled 
thermometer. It consists of bulb A, capillary tubing B, helical 
element C, case compensator D, and pointer Z. The expansion 
of the liquid operates the Bourdon tube, but between the Bourdon 
tube and the pen is inserted a compensator to correct for case 
temperatures. Such an instrument is used rarely with very 
long connecting tubing, since it is subject to connecting-tube er- 
rors. In actual practice, these can be reduced to a relatively neg- 
ligible amount, providing the tube length, of course, is not too 
long. This type of instrument is generally limited to the rela- 
tively shorter length of tubing and is mostly used in, say, 10 ft or 
less. The compensator D compensates for the volume of liquid 
in the Bourdon tube C. With such a liquid-filled system, the 
higher the range, the smaller the bulb necessary, since the amount 
of liquid exposed in the bulb to the temperature determines the 
amount of deflection. 

In Fig. 4, I-b represents a similar type of instrument, similarly 
filled with alcohol, but instead of compensator D, it employs a sec- 
ond Bourdon tube with its capillary tube running the full length of 
the other capillary tube, but not connected into the bulb. The 
two elements C are connected to a linkage so that the pen arm 
E is given a motion dependent on the difference in temperature 
between the two elements. Since element C measures the com- 
bined pressure of the bulb A and tube B, and element C; meas- 
ures the pressure of the tube B; only, B; and B, being equal, the 
differential is practically equal to the pressure as exerted at A. 
A similar result can be obtained, but instead of mounting the two 
elements separately and connecting the resultant motion through 
a linkage, mount one element on the other so that the compen- 
sation differential is applied. Since the two coils C and C; are 
equivalent in volume and they balance out that pressure effect 
due to temperature inside the coil itself, no further case com- 
pensation is needed. Such an instrument has a much wider field 
of use than I-a and can be furnished with relatively long lengths 
of tubing with most satisfactory results. 

In Fig. 4, I-a may also represent the ordinary mercury-filled 
thermometer. Mercury having a high coefficient of expansion 
naturally produces relatively high pressures. Working pressures 
of this type of instrument run as high as 2500 lb per sq in. at the 
top. This high pressure naturally utilizes an extremely stiff 
spring and gives an element with high power. Of course, with 
the utilization of mercury, steel parts are necessary, which calls 
for a steel inner bulb, tubing, and Bourdon tube, as well as welded 
construction. By establishing a high initial pressure, errors due 
to bulb elevation are lessened. Such mercury-actuated dial ther- 
mometers which are not compensated will naturally have a small 
tube error, similar to alcohol-filled systems. By utilizing a small- 
bore capillary tubing, this, with a reasonable length of tubing, 
can be kept down to a reasonable amount, providing the tube 
length is not too long. With fine capillary, however, a high de- 
gree of purity of mercury is essential and generally procured by 
triple distillation. 

In Fig. 4, I-c represents a mercury-filled thermometer with an 
extra Bourdon spring connected to the system in parallel with the 
actuating spring, but not an operating part of the mechanism. 
The purpose of the second spring is to absorb one half of the mer- 
cury which otherwise would be forced into the operating spring 
because of excessive line temperature changes, thus cutting the 
line error in half. If necessary, additional dummy springs may 
be added. This gives a partial compensation for longer lengths 
of capillary tubing. 

In Fig. 4, I-d represents the equivalent of I-b, except in a mer- 
cury-filled thermometer system. In other words, the second 
Bourdon tube C, compensates for both the line temperature and 
the case temperature. As a general thing, in this as well as other 
mercury thermometers, since they start at a relatively high 
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Fig. 4 Liquip-FILLED THERMOMETERS 
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Fie. 5 Vapror-TENSION THERMOMETERS 
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Fie. 6 Gas-FILLeED THERMOMETERS 
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initial pressure, the bulb elevation, when it is below the instru- 
ment, does not cause appreciable error and initial pressures are 
frequently started from 200 to 500 lb per sq in. 

In Fig. 4, I-e represents another form of mercury-filled ther- 
mometer system which is used considerably. To illustrate this, 
the tubing has been unduly énlarged out of proportion in the 
sketch, so as to show the Invar wire which is drawn through the 
bore of the capillary, thus greatly reducing, first, its volume and, 
second, by correctly proportioning the area of the Invar to the 
area of the capillary bore, the differential of the expansion be- 
tween the two until it is approximately equal to that of the mer- 
cury in the capillary; the theory being the capillary bore will 
expand with an increase of temperature more than the Invar and 
thus the capillary will tend to be self-compensating. 

These, in general, constitute the so-termed liquid-filled ther- 
mometers. All of them are theoretically subject to bulb eleva- 
tion errors if used at different elevations than calibrated for, 
although these can be reduced to practical satisfaction by eleva- 
tion of the operating pressures. The mercury-filled thermometers 
may cover ranges from —40 F to roughly 1000 F, whereas the 
liquid or alcohol-filled thermometers are generally limited to 
ranges from —40 F to around 300 F. 


II—Vapror-TENSION THERMOMETERS 


Vapor-tension instruments, shown as II-a in Fig. 5, have also 
found a very definite field of use, due to their fundamental sim- 
plicity. They are practically all characterized by the fact that 
they have a relatively high increasing-scale chart. This is due to 
their basic principle of operation, which consists of filling the 
moving element, capillary, and part of the bulb with a volatile 
liquid after the system has been evacuated. As temperature is 
applied to the bulb, this liquid is vaporized producing a pressure 
in the bulb. A definite relation exists between the liquid tem- 
perature and the vapor pressure above the liquid, as long as the 
bulb always contains some liquid. This vapor pressure varies, of 
course, with the type of medium being used and Fig. 7 shows a 
number of vapor-pressure curves of some common liquids used in 
thermometers. Such instruments naturally start at a zero pres- 
sure and build up to some value, and as previously stated their 
curves are not straight lines. This fact makes it essential in a 
vapor-tension instrument to pick a suitable chart for the range 
involved, as naturally one gets a very open scale at the upper 
part of the range which is the section of the scale that should be 
used. 

In Fig. 5, II-b shows a slightly modified form of the normal va- 
por-tension instrument, which is used where great lengths of 
tubing are encountered where the bulb may be at lower tempera- 
tures than the tubing. It is called an “adjusted vapor-tension 
instrument.”’ It practically consists merely in slightly enlarging 
the bulb of the instrument so that there is additional room in 
the bulb for the liquid in the tube when it vaporizes. Very good 
results are obtained with such an instrument as long as there 
always is some liquid in the bulb and yet it is never full. In 
other words, as the name “vapor tension” implies, there must 
always be a surface of liquid in such a bulb and theoretically it 
makes no difference how much liquid there is in it, as long as 
there is some excess liquid and some space for the vapor. Bulb 
elevations must be carefully considered in installing any vapor- 
tension instrument, and due consideration allowed for the ele- 
vation of the bulb above or below the instrument. This fact 
should be taken into consideration during the calibration. 

Vapor-tension instruments as normally constructed are not 
subject to tube temperature errors as long as the bulb is either 
definitely hotter or colder than the instrument. In the usual 
condition where the bulb is hotter than the tubing, the tube is 
entirely filled with liquid. Now if one heats a section of the tub- 
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ing to a temperature higher than the rest and just below the bulb 
temperature, some of the liquid will be expanded back into the 
bulb. This will not affect the reading. If that section of tubing 
were heated further so that it be hotter than the bulb tempera- 
ture, then the liquid in the tube at that section will be vapor- 
ized, forcing some more of the liquid back into the bulb. This 
may give an erratic reading momentarily on the chart, but will 
immediately reach a stable condition. In ordinary vapor-tension 
instruments, the bulb needs only to be large enough to take care 
of expansion and contraction of the liquid in the tube due to 
ambient temperatures along the tube and yet never be full or 
empty. 

In Fig. 5, Il-c represents a combination of vapor-tension 
and liquid-filled systems in that we have the moving element and 
capillary tube and a bellows D completely filled with the liquid. 
The bulb A is evacuated and partially filled with a volatile liquid. 

The result is that as temperature is applied to the bulb, the 
liquid vaporizes and compresses the diaphragm D. It is in 
practice self-compensating, because any temperature changes 
along the tubing causes the diaphragm D to take a slightly dif- 
ferent position; however, this does not affect the vapor pressure 
in A, vapor pressure being dependent upon vapor tension and 
not upon the volume of bulb A. Such a construction is ideally 
adapted for applications where vapor-tension ranges are desired, 
but where long tubings with variations in temperature above and 
below the bulb temperature are encountered. It avoids the 
erratic action which a vapor tension gives when the tube tempera- 
ture is caused to go above or below the bulb temperature. As 
evident, it combines certain of the advantages of vapor-tension 
and the liquid-filled system. 


I1I—Gas-Fittep THERMOMETERS 


In Fig. 6, III-a represents the ordinary gas-filled thermometer. 
Such systems are first carefully evacuated and then filled at 
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atmospheric temperature with nitrogen at approximately at- 
mospheric pressure. This means that the Bourdon tube then 
starts, on an instrument starting at atmospheric temperature or 
below, from an atmospheric temperature and builds up to some 
predetermined pressure. The law of theoretical expansion, of 
course, is a straight-line linear function directly in accordance 
with Boyle’s law. Such instruments can be made with a frac- 
tional scale, although in general practice they are not recom- 
mended for a fractional range of more than 50 per cent, unless 
some very special tube arrangement is provided for it. The 
range limitations are very broad, being capable of going from 
40 or 50 F below zero to 1000 or 1200 F. The upper limit is 
more dependent upon the physical bulb structure than upon the 
filling medium. Tube compensation is provided merely by 
keeping the bulb volume large in proportion to the total tube 
and moving-element volume. A ratio of not less than 40:1 is 
considered good practice. While the torque of the gas-filled 
instrument is not as high as some other instruments, it can be 
made ample for most industrial uses, particularly when properly 
designed light linkages are used. Due to the fact that nitrogen 
is an inert gas, copper bulbs can be used in all but the highest 
ranges or where subject to chemical attack and can be made 
relatively sensitive. Also, the fact that extremely high pres- 
sures are not encountered means that a good grade of nonferrous 
moving elements can be utilized. It is very important that 
nitrogen-filled thermometers have clean and pure nitrogen, and 
methods have been improved of late to assure this quality. 

In Fig. 6, I1]-b represents a so-termed “small-bulb gas-filled 
thermometer.’ It operates exactly on the same principle as the 
gas-filled thermometer, but has a compensating capillary tube 
which runs the full length of the capillary, and a compensating 
moving element actuated through a linkage to subtract any tube 
error from the resuliant reading of the system, which combines 
both the capillary tube and the bulb temperature. While theo- 
retically it is probably not a perfect compensator, it makes a 
very satisfactory means of compensation for industrial work and 
has been quite widely used of late. 
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Any article on this general subject would hardly be complete 
without some further mention on the general subject of so- 
termed “thermometer lag.’”’ To go into this extensively is be- 
yond the scope of this paper. However, a few remarks may be 
desirable. ‘Thermometer lag,”’ “sensitivity,” or whatever the 
preferred term may be is a rather difficult subject on which to gen- 
eralize. Theoretically, the time it takes a bulb system to come 
to thermal equilibrium is probably the primary factor; the 
secondary factor is the time for the entire system to come to 
pressure equilibrium. These times in practice are at least par- 
tially coincident. 

Thermal equilibrium depends on (a) the material and con- 
dition of the material being measured; (6) the specifications and 
material of the bulb, and socket if used; (c) the filling medium; 
and (d) the differential temperature being measured or the 
At/t effect. 

Pressure equilibrium depends on the size and length of capil- 
lary and tube system and filling medium. 

Practically, under equivalent conditions, as far as filling me- 
dium is concerned, the speed of response would seem to be in the 
order of vapor-, liquid-, and gas-filled systems. In common 
practice, however, where sockets are commonly encountered, 
the physical heat-transfer characteristics of these are apt to be 
by far the determining factor. 

There are numerous subjects which have only been touched 
briefly in this paper, which would provide interesting material 
for further study and elaboration. There is a particular need 
from a practical point of view for more work on improved de- 
signs of thermometer sockets and a further study into Bourdon 
tubes, particularly with reference to their granular structure 
after use and after welding and heat-treating. It is hoped that 
this brief review of the general thermometer art will encourage 
others to offer a more detailed discussion of some of these types 
or features involved in the art of making or using such pressure- 
type temperature-measuring devices. 
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Quantitative Analysis of Single-Capacity 
Processes 


By ALBERT F. SPITZGLASS,' CHICAGO, ILL. 


The paper compares methods of quantitative analysis 
of continuous-process regulation. It complements the 
paper by C. E. Mason (17)? by comparing the quantitative 
approach proposed by him with that of other writers, 
both American and foreign. 

The fundamental considerations underlying process 
analysis and the simplifying assumptions necessary to 
facilitate mathematical approach are investigated. The 
equations of the regulator are defined and then combined 
with those for the process. The results are presented 
in tabulated form to permit making a critical analysis. 

Only single-capacity processes are considered in this 
paper, and the consideration of multiple-capacity proc- 
esses as well as the critical analysis is reserved for a later 
time. 


FUNDAMENTAL CONCEPTS 


\ ) J HILE it is a simple matter to present a generalized 
equation for the solution of a regulation problem, 
such an equation has little physical significance to 

the engineer until it has been made specific. Therefore, the 
solution must be presented in a simplified form, bearing in mind 
that (a) it should be readily solvable by the mathematical 
methods understood by the engineer, (b) its coefficients should 


be in terms of specific constants for the process and regulator, 
(c) it should have broad applicability and the limitations should 
be clearly defined, and (d) it must define the regulation process 
under both dynamic and equilibrium conditions. 

In general, it can be said that most of the regulation theories 
studied by the author are sound if their basic premises be ac- 
cepted or if they be restricted to the particular application for 


which they were intended. One of the most frequent causes 
of confusion is the tendency to generalize beyond the limitations 
imposed by the original premises. 

Static Solution. Consider a regulation which satisfies the 
conditions of case V (discussed later in this paper), in which all 
reactions take place instantaneously. In such a case the element 
of time does not enter. Consequently, the only concern is the 
relation between the position of the regulating valve and the 
load. This might be expressed by the equation 


Load = f (valve position) 


‘ Consulting Engineer, Spitzglass and Zucrow. Mem. A.S.M.E. 
Mr. Spitzglass was graduated with an E.E. degree from Rensselaer 
Polytechnic Institute in 1922. Until 1937 he was vice-president in 
charge of engineering and research of Republic Flow Meters Com- 
pany, Chicago, IIl. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Committee on Industrial Instruments and 
Regulators of the Process Industries Division and presented at the 
Spring Meeting of THe AMERICAN Society or Mecuanicat 
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In this case the process moves from one position of equilibrium 
to another, without any oscillation. 

Effect of Time. Unfortunately, the foregoing is an ideal 
regulation rarely attained, although approximations are possible. 
A change in load acts upon the capacity of the system. Its 
effect on the capacity is measured by the regulator and used to 
influence the moving parts of its mechanism and to position 
them. The corrective action of the regulator reacts upon the 
system in a manner which tends to cancel out the effect of the 
original load change. 

The regulation problem involves, therefore, a consideration 
of related speeds or time relations. Mathematically, the regu- 
lation process can be expressed by differential equations of 
varying order, depending upon the number of reacting causes 
and effects. In general, the differential equation is raised about 
one degree for each such cause and effect relation in the process 
and about two degrees for each mass requiring acceleration (the 
latter is a second derivative with respect to time). 

In analyzing regulation problems it is customary to assume 
linear relationships between the factors involved, since none 
but linear differential equations are readily solvable. This 
assumption is justified because through narrow ranges of oper- 
ation, most regulating systems approximate the condition of 
linearity. The result is a linear differential equation, the type 
describing mechanical vibrating processes, and of the form 


tat 


This equation is, as pointed out, the general equation for a 
vibrating system; it is of no value until it has been reduced to 
a specific form and its coefficients evaluated. 


SIMPLIFYING ASSUMPTIONS 


Even in analyzing the “‘single-capacity”’ system it is necessary 
to make certain simplifying assumptions to limit the number of 
terms in the final equation to three or even four. The most 
common assumptions are: 

(a) Constant Surroundings. The ambient conditions remain 
constant while the process undergoes changes. This is really 
a definition of the extent of the process and must not be re- 
stricted too much. Everything not considered a variable in the 
equation is assumed to be constant. If this does not hold true, 
then we do not have a single-capacity process and the analysis 
must be extended further. 

(b) Inertialess Regulator. The regulator and process do not 
involve masses requiring acceleration. This assumption is 
reasonable because of the relatively low velocities and large 
operating forces involved. This would, of course, be unwar- 
ranted where inertia effects are significant as in centrifugal 
governors. 

(c) Simultaneity. All related moving elements respond so 
that phase displacements between them are negligible. This 
places another limitation on the characteristics of process regu- 
lators. Regulators for equivalent applications must justify 
this assumption of simultaneity. Thus, the introduction of a 
new element, as, for example, a relay power booster, if it intro- 
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duced a time delay, would change the conditions of stability 
and nullify the analysis since such effects are assumed not to 
occur. 

(d) Linearity. Although the assumption of linearity between 


related elements is quite generally applied, its presence is often — 


disregarded. It is an unavoidable assumption, usually, since 
we would not obtain linear differential equations otherwise and 
the solutions would be too complicated to be of great utility. 
Fortunately, the problem of regulation usually involves relatively 
small changes or oscillations about an equilibrium condition. 
For such small changes the variation from true proportionality 
of cause and effect is inappreciable, and the assumption of line- 
arity introduces no inaccuracy. Linearity is inadmissible, how- 
ever, when the variations are so large that the approximation 
involves large errors. 

(e) Standard Disturbances. The analysis requires studying 
the reactions of the regulator and process when equilibrium of 
the system is disturbed. Ordinarily, it is assumed that equi- 
librium exists and then a change occurs which unbalances the 
system necessitating a regulating correction. In studying single- 
capacity systems, changes of supply or demand affect the process 
identically (except for the direction). Therefore, we may justi- 
fiably assume that a standard disturbance defined as a “‘sudden- 
supply disturbance”’ will be truly general for this type of process. 
Stein (1) has shown that such an analysis gives results which are 
general to the effects of other types of disturbances, such as, 
linear, periodically progressive, or sinusoidal. This does not 
apply to multiple-capacity processes, which react differently to 
the various types of disturbances. 

(f) Time Lags. These are of two main types, (a) functional 
time lags and (b) finite time lags. Under the heading of func- 


TABLE 1 


Dimensionless units: 
¢/6 = (per cent pilot-valve opening) /100 
¢max = deviation corresponding to full pilot-valve opening 
characteristic of proportional regulator 
Ah/ Ad 
(spring force for full stroke) /hz 
Ad/dmax = (per cent deviation of valve area)/100 
Ah/h2. = (per cent deviation) /100 
value attained by ¢ if process be permitted to reach equilibrium 
Ah/hi = $(h2/hi) = (per cent deviation)/100 with respect to hi 
equilibrium value of = @p(h2/hi) 
AQ/Q = (per cent initial change in Q)/100 
at any time t 


Ad/d 
(per cent load)/100 = Q/Qmax = d/dmax 


dt’ dt? 


NOMENCLATURE 


Nore: 


Time factors, sec: 
= reaction time at full-load flow 
= reaction time at existing flow 
= traversing time of regulator (corresponding to ¢ = 34) 
= reset time of floating component for full stroke of piston relative 
to dashpot (when ¢ = 0) 


Quantitative units: : 
Units, 

temperature 
system 


Flow 
system 


Hydraulic 


Definition analogy 


capacity between supply 
and discharge resistance 
flow rate at equilibrium 
vaive position 
Q at full valve opening 
1/dp = discharge resist- 
ance factor ft sec/lb 
1/d = supply resistance 
factor ft sec/lb 
time after sudden dis- 
turbance sec sec 
differential across supply 

deg F ft 


valve 
deg F ft 


Btu/deg F 


cu ft/sec Btu/sec 
cuft/see Btu/sec 


lb/ft head 


lb/sec 
lb/sec 


sq ft 


sec/sq ft sec deg F/Btu 
sec/sq ft sec deg F/Btu 


differential across dis- 
charge valve 

deviation in A: at any 
time ¢ (measured by regu- 
lator—measured variable) 
regulator-valve opening 
area factor (supply 
discharge opening area 
factor 


deg F ft 
Btu/sec deg F_ lb/ft sec 
Btu/sec deg F lb/ft sec 


sq ft/sec 
sq ft/sec 
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tional time lags comes the “capacity lag’ and “transfer lag,” 
clearly defined by Mason (17). The present analysis will con- 
cern itself, first, with single-capacity systems, which exhibit 
the property of capacity lag. Multiple-capacity systems to 
which transfer lags apply will be considered later. 

Finite time lag, frequently called “distance-velocity” lag is 
important in a complete analysis, but its consideration must be 
postponed to a later date. The present analysis, therefore, 
assumes that the finite time lag is zero. 

Other simplifying assumptions are made by various authors, 
but the foregoing are the most common. Each of these assump- 
tions could very well form the basis for a separate study and re- 
port. 

Dimensionless Notation. Most of the German literature 
on regulation uses dimensionless quantities. All changes which 
take place are represented by their ratios when compared to some 
fixed value, either the average or the maximum, rather than by 
their actual values. As a result, the final equations are in terms 
of ratios (dimensionless quantities) and time. This simplifies 
the form and use of the resulting mathematical relationships. 
The conversion of the results to absolute quantities can be readily 
made when desired. In this connection, the nomenclature given 
in Table 1 is used. 

A complete analysis of the regulation problem involves the 
consideration of all of the following items: 


A—tThe purpose of the regulation 

B—The process—the law of the unregulated process and its 
reaction to a standard disturbance 

C—The regulator—the equation defining its motion 

D—The combined action of the process and regulator—the 
equation defining their combined actions and reactions 

E—The critical analysis—the determination of the degree to 
which the result of D satisfies A. 


A—PURPOSE OF THE REGULATION 


An analysis of a regulation problem will not lead to a profitable 
conclusion unless the true purpose of the regulation is determined. 
For example, there would be no need of a lengthy analysis and 
expensive regulating apparatus to obtain stable regulation if 
stability were not a requisite to the process. It is necessary, 
therefore, to study the process and its regulation with a view 
toward establishing the fundamental requirements and _ the 
criteria by which the adequacy of the regulation is to be judged. 

A comprehensive analysis of this phase would require a volume 
in itself and must be omitted in the present discussion. 


B—THE PROCESS 
Hypravuic ANALOGY 


The requirements for a satisfactory analysis involve the se 
lection of a system which is both typical and easy to under- 
stand. Some writers have used a diagrammatic representation 
of the process such as that shown in Fig. 1. By proper inter- 
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pretation and extension, this diagram can be made to represent 
almost any type of process. Mason (17) has shown how this 
type of diagram can be used to represent a temperature regula- 
tion and suggested its use as a standard basis for formulating 
process reactions. Moore (9) has shown how calculations based 
on this analogy may be applied to electrical and heat-transfer 
problems of great complexity. 

The process is considered to be a series or parallel system 
of one or more capacities separated from each other by resist- 
ances so that flow of energy from one capacity to the other is 
always accompanied by a decreased energy level, which is rep- 
resented by a difference in liquid levels. The flow through the 
resistances may be made proportional to the difference in levels 
(differential head) if the analogy be used to analyze a tempera- 
ture system, since the flow of heat is inversely proportional to 
the resistances in its path. When a fluid-flow problem is to be 
analyzed, then the flow might be proportional to the square 
root of the head. Obviously, the resulting equations based upon 
the assumption of linear relationships are much simpler than 
those based on square-root relationships. It has been shown 
by Stein (1) in pressure and flow regulation where small changes 
are involved, such as are usually considered in regulation prob- 
lems, it can be assumed that the small increments of flow vary 
in direct proportion to twice the corresponding increment of 
head. This is also a linear relation. Therefore, for all practical 
purposes the hydraulic analogy with first power resistances sepa- 
rating the capacities may be considered to be applicable to both 
flow and temperature problems. 

The area of the tank represents capacity of the system. Thus, 
it is the equivalent to the Btu per deg of a temperature problem, 
or the total weight of fluid contained in a pressure process per 
unit head. 

In general, processes can be divided into: 


(A) Single-capacity systems 
(B) Multiple-capacity systems 
(a) Capacities and resistances in series 


(b) Capacities and resistances in parallel 
(c) Series-parallel combinations. 


Stveie-Capaciry SysTeMs 


Single-capacity systems are important for several reasons: 
(a) They represent a large and important group of processes, 
(b) they can be analyzed mathematically with a high degree of 
accuracy, and (c) many multiple-capacity systems can be ap- 
proximated by a single-capacity system with sufficient exactness. 

Fig. 1 presents the hydraulic analogy of a typical single- 
capacity system, and can be used to represent any single-capacity 
process. 

The “standard disturbance” is created by suddenly moving 
the supply valve, at time ¢ = &, by an amount Ad, and its di- 
mensionless representation for the increased input flow thus 
produced is given by q = AQ/Q. Immediately a change in the 
level h2 results, and this is represented by change in ¢(= Ah/hz). 
The rate of level change, or ¢’ is directly proportional to the 
disturbance q, and if g remains a constant, ¢’ remains a constant. 

This ratio of ¢’ to the corresponding value of q;, is a character- 
istic of the regulation system and has been called by Neumann 
(4) the “sensitivity of the regulating space.” The reciprocal 
of this ratio, or q;/¢’ has been called by Tolie, Stein, Wiinsch, 
and others, the ‘“Anlaufzeit,’’ a term which has been variously 
translated as “application lag,” “starting time,’’ “‘process time,”’ 
or “reaction time.” It will be called the “reaction time” in the 
present discussion. The equation defining the reaction time is 
definitive for the process. Thus 


Actually, gq; and ¢’ are often variables and their values will 

be studied for the five types of single-capacity processes. 
& Case I—No Self-Regulation. Consider a process similar to 
that of regulating water level in a steam boiler. The rate of 
flow of the feedwater is not appreciably affected by the deviations 
in water level ¢. Hence, the process does nothing to affect the 
input flow, where the level changes slightly. 

Likewise, the steaming rate is practically unaffected by the 
variations in ¢. As a result, g may be said to remain a constant, 
not affected by the process reaction, and the effect on the level 
is given by Equation [2], which can be written 


“Cc 
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Since 7', and q are both constants, ¢’ is a constant. The charac- 
teristic curve for ¢ can be represented by the straight line in 
Fig. 2a. This condition would not hold indefinitely because 
¢@ would eventually affect the values h; and hs, or the tank (in 
the analogy) would spill over. There are many processes, 
however, in which ¢ can vary widely without affecting the supply 
or demand flows. 

Since a process of the foregoing type exhibits no tendency to 
reach a new equilibrium condition automatically, it is said to 
have no inherent self-regulation. 

The reaction time 7, can be evaluated in terms of the con- 
stants of the process. Since ¢’ is constant, it is equal to ¢/t. 
For q, the ratio AQ/Q, can be substituted. Hence 


= q/¢' = (4Q/Q)(t/¢) 


Using the hydraulic analogy and substituting @¢ = Ah/h, it 
follows that 


Hence, when there is no self-regulation 


The dimension of 7’, is seen to be that of time. 
Sometimes it is desired to express the equation in terms of the 
valve position, u(= Ad/dmax). Now qz = un, since 


Substituting in Equation [3] 
= w/z 


2T 
Letting 27, = T,, then 


Here 7, is the reaction time, at full load, on the process, since 
when z is unity, T, = T,. The two equations are interchangea- 
ble, the form of Equation [5] being used by most German writers. 

Case II—Discharge Self-Regulation. Consider the case which 

differs from case I in that the increase in ¢ causes an appreciable 
increase in the output flow, though still giving a negligible effect 
on the input flow. The characteristic curve for this case is shown 
in Fig. 2b. 

The output flow will eventually equal the input flow, as shown 
by the upper part of Fig. 2b, the demand line c eventually equals 
the supply line 6. The level at this time reaches a new steady 
value, for which Ivanoff (6) coined the term ‘“‘potential tempera- 
ture.’ The generalized term ‘potential level,’ denoted by. 
¢p represents the new equilibrium value of the variable corre- 
sponding to the new supply-valve position. 

The rate of change of the variable is obviously a variable, and 
depends on the instantaneous value excess of supply flow over 
the discharge. This differs from the initial excess flow, which is 
the sudden disturbance g, by an amount equal to the increase 
in discharge, and this in turn is equal to the increase in level ¢, 
(expressed in ratios). 

Therefore, the excess flow at any instant is 
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and since q; causes the variable to change, the reaction equation 
of the process becomes, from Equation [3] and the foregoing 


T.¢' = 


Conditions of this character are presented in pressure-regulat- 
ing problems, for example, where the pressure drop across the 
supply valve is above critical, but the pressure drop across the 
discharge valve is relatively small. 

In this case the process has the ability of finding a new equilib- 
rium condition even without the assistance of a regulator. In 
other words,the effect of ¢ on the discharge flow does in a sense 
regulate the system, that is, it enables demand to balance the 
supply. This property of the system is termed its ‘“self-regu- 
lation” and since it results from the effect of @ on the discharge 
flow, it will be termed the “discharge self-regulation.” 

Mason studied this case, and his Equation [17] takes the form 


A.R,T,' = 


where 7’,’ = rate of change of temperature = (hz + ¢h2)’; 7’, = 
potential temperature = + = he + T, = tempera- 
ture at any time = h, + ¢h2; A, = capacity of the system = A; 
and R, = resistance factor = temperature/flow = h,/Q. 
Substituting the present notation into Equation [7] it becomes 


A(h2 + oh2)'he 
Q 


Aha(hip)’ 
= (q— 


Ah2/Q = T,, so that 


= hy + — h2 — 


but 
T. 


which is the same as Equation [6]. 

In studying this problem Stein and Wiinsch use flow resistances 
which vary as the second power of the flow and they express the 
ratios (x, g, etc.) in terms of the maximum flow Qmax. The 
actual flow Q, accordingly equals zQmax, where z = Q/Qmax, the 
fraction of maximum flow, or the “‘load.”” Now 


or 27, = Ah/Qmax = T,, the reaction time referred to the maxi- 
mum flow. 
For second-power flow resistances the discharge flow, Q + 


AQ = Vh. + Ah/k, or 
he + Ah = k(Q? + 2QAQ + AQ?) 
Noting that h2 = kQ? and AQ? is negligible, so that Ah 
and dividing by hz = kQ?, the result is 
Ah 2AQ 
and since g = u/3, we obtain by substitution 


2 


= — (2/2)o 


Equation [8] is that used by Stein and Winsch for describing 
this system. 

Case I11—Supply Self-Regulation. Consider the case where 
Ah is negligible compared to h2, so that the demand flow is un- 
affected by g. This case, the characteristic for which is shown 
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in Fig. 2c, is similar to case II except that the self-regulation is 
due to the decrease in supply flow as ¢ increases. This effect 
depends upon the ratio Ah/h, = y (instead of Ah/h, = ¢, as 
in the case of demand self-regulation). 

The reaction equation, therefore, becomes 


Since 


and 


Therefore 
T.¢' = 


The increase in supply q is balanced by the head increase y, or 
at equilibrium. Hence 


Wiinsch presents this equation in terms of second-degree flow 
1 

quantities and substitutes for 7, its value in terms of 7',, and 

Hence, in terms of ¢, Equa- 


using the same logic as in case IT. 
tion [10] becomes 


Case IV —Supply and Discharge Self-Regulation. In the case 
where both the supply and the demand react to establish equi- 
librium, as in Fig. 2d, then q; in Equation [3] is the difference 
between the two flows, or 


= Ysupply — = ¥) — 


And from the preceding two cases 


for second power resistance. Hence, for linear resistances 


T.o' =q—¢—or +7) 
orif(1 +r) =e 
T.o' = — 


In this case ¢ approaches the limiting value ¢, = ¢/e (when 
¢’ = 0). For second-power resistances, and expressed in the 
Wiinsch terminology 


Case V—Zero Reaction Time. This case, the characteristic 
curve for which is shown in Fig. 2e, is the opposite of case I 
and typifies flow processes involving incompressible fluids. In 
such cases the supply flow always equals the demand flow, since 
the system has no capacity (7’, = 0) and builds up a pressure 
drop instantaneously. In the water-level analogy it would be 
represented by a tank of zero cross section or capacity and for 
all practical purposes is merely a pipe with supply- and demand- 
valve resistances. 

As seen from Fig. 2e, any change in supply q causes an im- 
mediate increase in demand which balances it and produces an 
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immediate change in ¢. The increase is smaller than the valve 
change u by the decrease in supply drop y or ¢ h2/h. 
Where linear relationships apply 


The concept of ‘load’? mentioned previously is sometimes 
confusing when applied to different types of systems. For 


example, in a temperature-control problem, the load is the 
actual equilibrium flow of the fluid times its specific heat or 


L = lb + (see X specific heat) = Btu + (deg F X sec) 


If this is multiplied by the temperature 7’, the total energy flow is 


This is the equilibrium equation for a temperature process 
discussed by Fairchild (12) and Smith (14). 

In the hydraulic analogy, 7'/Q is represented by h2/Q on the 
demand side and h;/Q on the supply side. For linear resistances, 
Q = dphz = dh,, the supply and discharge always being equal. 
This means that the load corresponds to the valve area; i.e., 
the reciprocal of the resistance, as shown hereafter. Mason 
(17) expresses d, in terms of resistance so that 


dp = 1/R, and d= 1/R, 
Therefore 
Q = hdp 2 hd = h,/R, 


= = = z = load ratio.... 


Or the load ratio z is given by 
hy Remax 


Therefore 


Since linearity between the valve position d and Q has been 
assumed, it follows that 


The equilibrium equation can, therefore, be written in any of 
the following forms 


TABLE 2 TABULATION OF SINGLE-CAPACITY-PROCESS 
EQUATIONS 
Reaction equati Pot 
Teo’ = Tad’ = 
Tee’ Tad’ = 


tial level 
op = @o 
op =@ 


Case 
No self-regulation 
Discharge self- 
regulation 
Supply self-regu- = 
lation 
Discharge and = 
supply _self- 
regulation 
Indefinite self- = Ta = 0 
regulation = 26/2 


Tad’ = u—2r¢/2 op = ar 


Tad’ = u—zeo/2 op = Q/e 


op = Q/e 


hy he hy hy 
Now 
for linear resistance, and dp Ramax d Remax 
2 2 
_4 
max 
Q = — hy.......... 
R 
amax 
II 
Il 
IV 
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Table 2 is a tabulation of the formula for the five cases cited 
previously. 


SysTeEMs 


It is hoped at a later date to extend this analysis to cover 
multiple-capacity systems. The self-regulation due to “flow 
damping” has not been included in the foregoing section since 
it is more properly a multiple-capacity effect and will be taken 
up under that heading. 


C—EQUATION OF THE REGULATOR 


Regulators may be divided by their response characteristics 
into seven classes as indicated in Table 3. The various authors 
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have made a variety of classifications but obviously the emphasis 
is on the first four of these classes. The derivative and dis- 
continuous-impulse types fill a definite place in automatic-control 
technology, but to date the mathematical treatment of these 
types has not been sufficient to substantiate a comparative 
analysis; therefore, their consideration is reserved for a later date. 

Fundamentally, all the classes of regulators fall within two 
groups: (a) Discontinuous—multiple position, in which the 
regulator assumes one or another of a series of fixed positions 
depending upon whether the variable is above or below a set 
point. (b) Continuous, in which the regulator may assume 
any position from wide open to fully closed, as required to balance 
supply and demand. 


TABLE 3 CLASSIFICATION OF REGULATORS BY RESPONSE CHARACTERISTICS 


Discontinuous - 


Continuous- 


(2). (3) 
Floating 
uw’ = Ko 


Floating 


(1) 
Multiple 
Authors@ position 
Bristol-Peters.. _Two-posi- 
tion 
On-and-off 


Haigler Floating 


Proportional 
w= K 


Proportional 


Proportional 
ide-band 


6) and (7) 

igher and 
discontinuous 

derivatives 
= etc. 


(4). ©). 
Proportional First derivative 
+ floating combinations 
uw = Ko’ + Ko wp’ = Ko” 
Proportional 
+ floating 


Proportional 
and reset 


Narrow-band 


On-and-off Integral of 


deviation 
Noncorre- 

sponding 
Class 1, 4, 6, 

9, and 10 
Class 1 


Deviation 
On-and-off 
Class 3, 8 


Class 2, 4 


Without 
follow-up 


Deviatio 


Corresponding 
Class 2, 5, 11 


Permanent 
follow-up 


Deviation and First derivative 
integral + floating 
Proportional 

reset 
Class 7, 12 
Class 3, 5,6 Class 7, 8, 11 (6) 
Second deriva- 

tive 9, 10, 12 
Elastic 

follow-up 


(Storage lag 


Damping control (kicker) 
pacer) 


Rate control 
K 


= 
@ See Bibliography at the end of the paper. 
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TABLE 4 FLOATING REGULATORS 


Corrected 
Dynamic to present 
Author® equation nomenclature Constants Static equation Converted 
du ¢ 


dt 6S 
du 


af, 
Mitereff (I) F=hfPdT+(c) w= kfedt + (0) 
Ed (I) an 


dy 


d(H) 
“a = Sf(t) 


® See Bibliography at the end of the paper. 


TABLE 5 PROPORTIONAL REGULATORS 


Converted to present 
Author® Dynamic equation nomenclature Constants Static Converted 
du 1 1 


) 


ky’ = hid — 


y = k(z — 


(H) = sf(t) 
* See Bibliography at the end of the paper. 


TABLE 6 FLOATING-PLUS-PROPORTIONAL REGULATORS 
Dynamic equation Conversion equation Constants 


6 6 


Specific equation 


w’ + ksu” = kad + kad’ 
Semidynamic equations, neglecting regulator acceleration: 
i 
Specific equation aTr 
Mitereff—Class IV.... F —~hfPdt+hP+e w =hfedt + kd +e 


= kid + 


|~ 


Ed 8. Smith—Class XII y= k(2 —23) hd 


p’ = kid’ — kid 


Ivanoff (H) = af(t) + SSf(dt ed + 


wu’ = + So 


Callender = + = kid + kod 


cle 


P k 1 dé 
Bristol-Peters (0 — On) + Ra 


Equilibrium equation: 


1 
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DisconTINuvous REGULATORS 


The multiple-position regulator does not lend itself to simple 
mathematical treatment due to the discontinuity of the regu- 
lator characteristic itself. 

Graphical treatments have thrown some light on its operation, 
but more work is required before this simple form of controller 
is thoroughly understood. 


Continuous REGULATORS 


Three main types, that is, the floating, proportional, and 
floating plus proportional, are discussed herein in detail. The 
tabulations of the equations for these types in Tables 4, 5, and 6 
contain the following columns: (a) The dynamic equation as 
expressed by the specific author, (b) the conversion of this same 
equation to the units adopted in this paper, (c) the values of 
the constants, (d) the static equation as given by the author, and 
(e) conversion of this static equation to the present units. 

The equations for the regulators are based on the simplifying 
assumptions mentioned previously, and more specifically the 
following: (a) Linearity exists between all mechanical moving 
parts; (6) friction is negligible—no dead zone exists; (c) since 
the regulators are assumed to be inertialess, only relay types 
fall within the analysis; and (d) since time lags within the 
regulator are assumed to be negligible, the analysis does not 
apply where the power means require appreciable time to trans- 
mit forees—any such time lag, it can be shown, enters into the 
process as an additional capacity and resistance (if it is ap- 
preciable), and must be analyzed as a multiple-capacity system. 

Fig. 3 is a typical diagrammatic regulator which may be 
converted to any of the three standard types merely by choosing 
the proper constants. 

If 6, the positioning spring force, is infinite, that is, the plunger 
and beam are rigidly connected as in a plain dashpot, then the 
pilot-valve opening ratio y and, consequently, the regulator 
speed »’, are proportional to the ratio of @ to that value 6 which 
is required to produce full pilot-valve opening, or maximum 
regulator speed 1/7. If @ is finite, but the slippage speed be- 
tween the plunger and dashpot housing, 1/7',, is less than 1/7,, 
the maximum possible speed, the speed characteristic is discontinu- 
ous. 

Floating Regulator. 
ing infinity 


For the floating regulator, @ = approach- 


and speed 


Proportional Regulator. For the proportional regulator, 
Ty = 0, and in equilibrium ¢ = —x8, then pilot-valve opening 
7, at any instant, is the algebraic difference between the measur- 
ing and spring forces, or 


Proportional-Plus-Floatung Regulator. For this regulator, 
7, and 6 are simultaneously effective. The motion of the plunger 
with respect to the dashpot modifies the valve-speed equation 
of the proportional regulator, that is (Equation [29]) the 
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spring force being reduced due to the slippage flow around the 
plunger. When ¢ equals then .1/7'y is at its maximum value, 
and this is governed by the adjustment of the leakage port. 

At any other value of ¢, the slippage speed is equal to (¢/@) 
(1/Tp). 

The spring tension at any instant is not the equilibrium value 


Substituting this in Equation [29], the instantaneous speed 
of the regulating valve becomes 


Differentiating and rearranging® 


The static equation for both the floating and the floating-plus- 
proportional regulator is obtained by integrating the foregoing 
equations from t = 0 to¢ = t,, where ¢, is the time when both ¢ 
and ¢’ are again zero. Thus for the floating regulator 


1 t=t, 


and for proportional-plus-floating regulators 


1 | 
OT t = 


The static equation of the proportional regulator for u’ 
reduces to 


which merely expresses the ratio between equilibrium position 
and the variable. 

Tables 4, 5, and 6 compare the equations presented by various 
writers with the author’s, and show that there is consistent 
agreement as to the equations, but not much uniformity in 
either terminology or in selection. Mitereff has published 
both static and dynamic equations for all three types. 

In Table 6 for the proportional-plus-floating regulator, most 
writers have given the dynamic equation only for the condition 
that the spring and the deviation are always in balance. This 
neglects the acceleration term which is very important on all 
but very long period processes, and the equation really only 
defines the rate of cancellation of the temporary spring character- 
istics. 


D—THE PROCESS AND REGULATOR COMBINED 


The process equations are now combined with the regulator 
equations to give the equation for the regulated process. Only 
single-capacity systems were treated in this paper. 


THe Fioating Process 


The velocity equation for the floating regulator is 


+q’z, (the standard disturbance) ... . [34] 


The most general equation for the process is that for case IV, 
or 
= q4—¢e 
3 It must be kept in mind that 1/7'r can only be increased to give 
maximum speed of 1/7’,. Beyond this, the function is discontinuous. 
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SPITZGLASS—QUANTITATIVE ANALYSIS OF SINGLE-CAPACITY PROCESSES 


since it reduces to any of the other types merely by proper sub- For the most general case, the process equation is 


stitution for 7, or e. Differentiating and rearranging 
Te” + ¢'e—q' = 


Substituting for gq’ = — ¢/2z6T, 


+ + 9) 


(« +¢ +6) 


Let e/T, = c, and 1/257,T, = co, then Equation [36] takes the 
general form (c, the coefficient of ¢”, being unity) of 


26T, 


oop” + cid’ + cop = 0............ . [37] 


and the expression is ready for the critical analysis. 

If the specific process equations, for the four other types of 
single-capacity processes, are treated in the same manner, the 
resulting equations have the same form but the values of the 
coefficients c, c,, and co will be different. 

The values in Table 7 are given for more ready comparison 
with Stein and Wiinsch forms; the dimensionless ratios all being 
expressed in terms of maximum-flow conditions. 


PROPORTIONAL REGULATOR WitTH SINGLE-Capaciry PRocEss 


The equation for the speed of the regulating valve is 


= (@ + = 


Rearranging and substituting g = u/z 


9 


The general equation (case III) for the process (rearranged) is 
T.' + ¢e = 
and, differentiating 
+ = 


Substituting in Equation [38] and combining terms 


0 
¢” 


Since this regulator is most often applied to systems with 
negligible self-regulation, or case I, the equation is repeated for 
that type of process (7'.¢’ = q), or 


(26 + 1) 


1 


¢” + ¢’ + 
PROPORTIONAL-PLUS-FLOATING REGULATOR WiTH SINGLE- 


Capacity PRocEss 


The equation of motion is 


= 


¢’ 
+ oT, 
or in terms of gz = u» (standard disturbance) 


<2 
2q’ oT, 


T.6'"'+ = q” 


Substituting in Equation [42] and rearranging 


For case I, this equation reduces to 


+e" 


These equations are of the general form 
+ od” + 016’ + = O........... 


TABLE 7 COEFFICIENTS FOR FLOATING REGULATOR AND 


PROCESS IN EQUATION [37] 


For = 4Q/Qmax Ta = 2Te, 


For gq = AQ/Q, first power resistances second power resistances—~ 


Case cz C1 co 
1 
I 1 
26 Ts 


1 


ND PROCESS IN EQUATION [37 
For = AQ/Qmax Ta = second 
For gq = AQ/Q, first power resistances ~-————power resistances 
Case co C1 co 
I 1 1 1 
26 Ts Te Ta 
20 + 1 20+2 
26TsTe 26TsTaz 
+ 1 zr? + 2 
26TsTc 26T sTaz 
+ 1 + 2 
26T sT 2TsTaz 
+ 1 zed + 2 
25T se 26TsTa 


TABLE 8 IENTS FOR BOUATION REGULATOR 


aT. 


TABLE 9 COEFFICIENTS FOR PROPORTIONAL-PLUS-FLOAT- 
ING REGULATORS AND PROCESSES IN EQUATION [46] 


For q = 4Q/Qmax Ta = = 2Te, second 
For q = AQ/Q, first power resistances power resist ~ 
Case co cz 
1 1 6Ts 1 
1 1 
0 20T 
1 1 
@ 0Te 20T TF eTaTP 


1 2 


Tables 7, 8, and 9 present the values of the coefficient of the 
general equation for the three classes of regulators and for the 
five types of single-capacity systems. 

E—CRITICAL ANALYSIS 


The mathematical critical analysis is reserved for consideration 
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in a paper by the author to be presented at the A.S.M.E. Annual 
Meeting, December 5, 1938, in New York. 
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Discussion 


Air Chambers and Valves in 
Relation to Water Hammer’ 


M. A. Mason,* P. DaNEL,? AND A. Craya.* Water-hammer 
effects on pipe lines, including that of chattering of the valve 
discussed by the author, may take any of numerous forms. To 
consider all these forms properly would be beyond the scope 
of this short discussion, yet certain general considerations not 
treated by the author may be pointed out, and will indicate some 
of the interesting phases to be studied. 

To do this, continue Fig. 10a of the paper a few steps further, 
when it is found that the diagram repeats itself indefinitely. The 
same is true of the other diagrams given in the paper. When 
similar diagrams are drawn for a series of valve openings covering 


Nominal opening 


Fia. 1 


the range of operation of the valve, it is found that the highest 
and the lowest surge pressures indicated by the diagrams form 
limiting curves (marked L on Fig. 1 of this discussion). These 
limiting curves might also have been obtained without drawing 
the diagrams for each gate opening, as it can be shown that the 
symmetric of curve r’ around the axis of abscissas intersects curve 
r at A, the minimum surge pressure of the diagram; while the 
symmetric of curve 7 intersects curve r’ at B, the maximum surge 
pressure of the diagram. 

The variation in velocity shown by curves r’ and r may be 
either a constant (AV = constant) at any valve opening over the 
entire range of operation or a function of the velocity [AV = 
f(V)], so that the limiting curves may have various forms, as 
shown by curves L, and L; of Fig. 1 of this discussion. Further, 
the form of the curves is changed as the period of the vibration 
is varied from that of the pipe. Fig. 1 of this discussion has been 
drawn for a hypothetical case of resonance and with a constant 


! Published as paper HYD-59-8, by R. W. Angus, in the November, 
1937, issue of the A.S.M.E. Transactions, vol. 59, p. 661. 

? Freeman Scholar of the Boston Society of Civil Engineers, Uni- 
versity of Grenoble, Grenoble, France. 

3 Director, Research Laboratory, Ateliers Neyret-Beylier & Pic- 
card-Pictet, and Professor of Hydraulics, University of Grenoble, 
Grenoble, France. 

‘Research Engineer, Ateliers Neyret-Beylier & Piccard-Pictet, 
Grenoble, France. 


absolute change in velocity regardless of the valve opening. 

Let us consider now the conditions causing vibration and the 
character of the resulting vibration. There are two general 
factors which may cause valve vibration during perturbed flow 
caused by water hammer. They are (1) mechanical defects of 
the valve, such as, loose gates or washers, loose stems, non- 
rigid stems, etc., and (2) hydraulic defects. Mechanical defects 
cause an elastic vibration similar to that of an organ reed pipe. 
Hydraulic defects cause the formation of vortices at the valve 
orifice which are periodically detached or swept away by the 
water flowing through the orifice. The effect of these vortices in 
changing the flow velocity, and consequently the pressure con- 
ditions, may be considered as that of a change in the coefficient 
of contraction of the valve orifice; hence, the character of the 
vibration may be likened to that of an organ flue pipe or of the 
humble “penny whistle.” 

We are now in a position to study the types of noises possible 
to obtain under given conditions, as well as to investigate the 
actual pressure conditions due to water hammer. Suppose, for 
example, a case in which the period of the valve is the same as 
that of the pipe, i.e., resonance conditions. Suppose also that 
it is known that the vibration is due to hydraulic defects in the 
valve. From Fig. 1 of this discussion select the limiting curve 
applying to the case, which is the curve determined for AV 
varying as the velocity, or curve Z,. A study of this curve and 
the diagrams for the various valve openings then shows that the 
frequency of the emitted note remains constant and equal to that 
of the supply pipe, while the loudness of the tone, being a function ~ 
of the magnitude of the vibration, is seen to vary. At small valve 
openings (omitting the region in which cavitation may occur) 
the tone will be soft and will increase in loudness as the valve is 
opened more and more. The exact analogy in sound would be 
the case of the “penny whistle.” It is noted that the surge 
pressures obtained at large valve openings may become quite 
appreciable. 

But suppose the vibration is due to a mechanical defect, for 
example, a loose gate or disk. Then the limiting curves L apply, 
and, again outside the cavitation region at small openings, the 
sound will decrease in volume and the surge pressures in 7 
tude as the valve is opened more and more. 

It is possible to study water-hammer conditions in this man- 
ner over the complete range of operation of the valve, but under 
the conditions of small openings and high pipe characteristic, 
cavitation will generally take place. This changes the diagrams 
and separate studies of each case and condition should be made. 
It is obvious that the case of a valve which hammers or chatters 
at only one valve opening is also a special case, the water hammer 
being caused by the formation of vortices at only this one opening. 

The principal interest in studies of this sort lies not so much in 
the noises that are produced as in the magnitude of the surge 
pressures obtained. Mention therefore should be made of a 
similar problem studied by Bergeron,‘ the results of which apply 
equally well to the present question. He considered the limiting 
case of a valve completely opening and closing instantaneously 
with a period equal to that of the pipe. The solution of the 
problem was found for both small and large values of Vw/gA 
(and, by consequence, for ), leading to the observation that for 


' Etude des coups de bélier dans les conduites,” by L. Bergeros, 
La Technique Moderne, vol. 28, Jan., 15 and Feb. 1, 1936. 
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large values of Vw/gA it is possible to have cavitation at the 
valve and to reach superpressures in excess of the ordinarily 
considered maximum value of double the initial pressure. It 
was shown that for the case where VwQo/gA > Ho the maximum 
superpressure no longer has the value 2H» but the value VuQo/gA, 
the same as that resulting from water hammer due to instantane- 
ous valve closure. 


AvuTHOR’s CLOSURE 


In discussing this paper, M. A. Mason, P. Danel, and A. Craya 
have added considerably to the value of it by pointing out that, 
with resonance, the pressures reach a definite value in each case 
and then remain fixed. In Fig. 1 of their discussion they have 
shown limiting curves L L between which the pressures lie. The 
meaning of these curves must, however, be clearly understood, 
for actually the extreme pressures due to this phenomena may be 
represented by points considerably outside the area between the 
curves. 

For small values of p the pressures due to resonance continue 
to rise and fall till they reach steady values on the lines L L, but 
for large values of p the pressure in the first phase does not come 
within this limitation. In Fig. 2 of this closure are drawn the 
two curves L L located as described by the writers for constant 
value of A V. On the right-hand side of the figure the water- 
hammer diagram is drawn in small dots for the case where p = 
0.5, and evidently here the pressures first fall between the two 
curves but continue to approach them, finally reaching the 
curves L L, where they remain constant. 

Also, for three positions of the gate, there are shown in plain 
lines the case where p = 3, a value not at all high for power 
plants and relatively low for low-head pumping plants. For the 
value p = 3, and beginning with gate opening, the pressure first 
drops to G giving a value of H/H, = 0.80, as compared with 
0.855 at A, and a similar statement applies to H, but the pres- 
sure rise starts below B and in successive intervals both the mini- 
mum and maximum pressures rise till they reach the values cor- 
responding to the curves L L. 

Had the first gate movement been a closing one, however, 
then the first water-hammer lines would have been D C and F E 
for the two gate openings, and these show pressures much in ex- 
cess of those for the curves L L. Thus, the values of H/Hp are 
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1,24 at C and only 1.15 at B, which is too great a difference to be 
neglected; at E the value is 1.37 compared with 1.25 at curve L. 

Since the location of the curves is independent of p it is evident 
that as the latter increases, the variations described are magni- 
fied. Therefore, the curves L L represent the loci of steady 
pressures resulting from resonance, but the limiting pressures 
may fall considerably beyond these curves, so that the water- 
hammer diagram should be drawn in each case; as this diagram 
is very easily drawn, it should always be used as a check, at least. 
The rapid increase in the pressure range as the gate approaches 
the closed position is worthy of note, and for p = 3 the pressure 
rise quite close to the closed position approaches the ratio H/H) = 
1.8 for the velocity change assumed. 


Complete Characteristics of Cen- 
trifugal Pumps and Their Use in 
the Prediction of Transient Behavior' 


F. Knapp.?- Some time ago, while investigating the rupture 
of a Brazilian pump-discharge line, the writer plotted the charac- 
teristics of the hydraulic machine operating as a pump, turbine, 
or energy dissipator (brake) in exactly the same manner as done 
by the author. The writer used for this purpose the test results 
of a hydraulically excellent pump,* the best efficiencies of which 
as a pump and as a turbine were 84.1 and 86.2 per cent, respec- 
tively; the test results were published previously by Kittredge,‘ 
which supplemented an earlier preliminary report by Thoma’ 
describing tests on a pump not very efficient hydraulically. The 
writer’s procedure was as follows: 

For examination of surge conditions, the head-discharge curves 
with the speed and torque as a parameter are required; similar 
curves are shown in Figs. 2 and 4 of the paper under discussion. 


TABLE 1 
Case Dis- 
no. charge Speed Head Torque Remarks 
1 + + + = Pump 
2 + + 
+ + — Centrifugal turbine 
5 a — + + Centrifugal turbine 
8 + — + — Pump abnormal 


A superficial examination of these figures shows 
four different operating ranges of the unit. Con- 
sidering now the discharge torque curves of Figs. 
3 and 5 of the paper, it is seen that the fourth 
quadrant of Fig. 2 of the paper has two ranges of op- 
eration with positive and negative torque. Like- 
wise, the second quadrant of Fig. 4 of the paper 
has two different regions of torque, the limiting 
curves between these regions being parabolas accord- 


1 Published as paper HYD-59-11, by R. T. Knapp, in 
the November, 1937, issue of the A.S.M.E. Transac- 
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tions, vol. 59, p. 683. 

2 Assistant Hydraulic Engineer, The Sao Paulo Tram- 
way, Light & Power Company, Sao Paulo, Brazil. 

3 This pump was designed by Messrs. J. M. Voith, 
Heidenheim, Germany. Kittredge’s article‘ does not 
mention the size of the model pump, but the pump im- 
peller probably had a diameter of from 10 to 12 in. 

4“Vorgiinge bei Zentrifugalpumpenanlagen nach 
plétzlichem Ausfallen des Antriebes,” by C. P. Kit- 
tredge, Mitteilungen des Hydraulischen Instituts der Tech- 
nischen Hochschule Miinchen, no. 7, 1933, pp. 52-73. 

5 ‘*Vorgiinge beim Ausfallen des Antriebes von 
Kreiselpumpen,” by D. Thoma, Mitteilungen des Hy- 
draulischen Instituts der Technischen Hochschule Min- 
chen, no. 4, 1931, pp. 102-104. 
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DISCUSSION 


ing to the laws of similarity. These parabolas correspond to the 
runaway speed of the machine. Therefore, the unit has eight 
different ranges of operation, given in Table 1 of this discussion, 
with four interrelated variables. For reasons of greater precision 
of surge calculations it was apparent at once that the speed should 
be plotted as an independent variable. Since the zero-torque 
curves determine different regions of operation, it also appeared 
advantageous to use the torque as a parameter. It remained 
to decide whether the head should be plotted as the second in- 
dependent variable with the discharge as a parameter, or vice- 
versa. According to Pfleiderer,* the equation for the ‘‘charac- 
teristic mountain” of a guide-vane pump (for positive values of 
discharge and head, and positive and negative values for speed) is 


H = Kn? + 2KmQ — K;Q? 


where K,, K., and K; are constants. Plotting the head H as the 
vertical ordinate and the discharge Q and the speed n as the 
horizontal coordinates, Equation [1] of this discussion represents 
a hyperbolic paraboloid whose principal axis is represented by the 
H-axis, the origin of the coordinates being the summit of the 
paraboloid. Cutting this paraboloid with horizontal planes 
parallel to the Q-n plane gives curves of constant head. Vertical 
planes parallel to the H-n plane furnish curves of constant dis- 
charge. A comparison of the two types of curves reveals the 
curves for constant head to be the simpler ones. The desired 
representation was thus obtained, using speed and discharge as 
independent variables and plotting head and torque as parame- 
ters. Therefore, the complete characteristic diagram is the 
topographic representation of the hyperbolic paraboloid, but 
extended over the whole range of operation of the unit. 

This diagram has the following three, but distinctly different, 
applications: 

1 The pump discharges directly into a forebay, thus creating 
a constant head. The behavior of the machine under transient 
conditions may be plotted directly in the characteristic diagram, 
using as an aid Equation [1] of the paper. 

2 The pump is connected to a reservoir by means of a short 
penstock so that the combined elasticity of water and pipe may 
be neglected. In this case, the head changes and another equa- 
tion, giving the relation between head and discharge, is required 
besides Equation [1] of the paper. Newton’s second law gives 


)- ya(Ho + H, — 


where a = cross section of penstock, L = length of penstock, 
H, = manometric head of the pump, H,; = total hydraulic 
losses in the penstock, and Hy = static head. This equation 
together with Equation [1] of this paper permits following up the 
transient behavior of the system penstock and pump by means of 
numerical integration methods. This case has already been fully 
treated by Kittredge‘ who adapted an analogous method out- 
lined by Thoma for the computation of variations of water levels 
in surge tanks.?’ These calculations can also be performed di- 
rectly in the characteristic diagram. This method is applicable 
as long as the reflection time of the penstock is considerably smal- 
ler than the starting time of the pump /wo/T», the subscript zero 
referring to values of normal pump operation. 

6 Kreiselpumpen,” by C. Pfleiderer, Julius Springer, Berlin, 
Germany, 1924, p. 132. 


7 ‘Zur Theorie des Wasserschlosses bei selbsttiitig geregelten Tur- 
binenanlagen,’’ by D. Thoma, R. Oldenbourg Miinchen, 1910. 
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3 The most important application of the complete characteris- 
tic diagram is represented by the case of a pumping plant with 
long penstocks. Neglecting the elastic behavior of the pipe line 
would lead in such a case to considerable errors. Compared 
with cases 1 and 2, the characteristic diagram for the purpose under 
consideration is not a means, but a very efficient and time-saving 
aid for the solution of complicated cases of surge conditions. 
Taking the elastic characteristics of the penstock into account 
by means of the Q-H diagram and simultaneous equations as 
described elsewhere,’ and using furthermore Equation [1] of the 
paper,’ it is possible to plot the transient behavior of the installa- 
tion into the characteristic diagram. For such and similar 
calculations the writer uses a graphical integration method with 
an approximation of the second order; therefore, it is of greater 
precision as compared with the usual arithmetic integration 
method. For computation of surge conditions the principal 
advantage of the complete characteristic diagram is the fact that 
it permits recognition at once of the influence of any change of 
the fundamental data of the installation, such as variation of 
diameter of the pipe, moment of inertia, or operating times of the 
check and relief valves. As a matter of fact, only the combined 
use of the topographic representation of the characteristics of 
the hydraulic machine, together with simultaneous equations, 
gives that clear sight indispensable for the investigation of 
transient behavior of pumping installations. Generally, surge 
conditions in pump penstocks are far more severe than in turbine 
penstocks. 

Therefore, it is regrettable that the complete characteristic 
diagram, up to the present data, was practically never furnished 
by the manufacturer. Designers of pumping plants are obliged 
to the author for having furnished at least one complete diagram, 
which together with the characteristics given by Thoma® and 
Kittredge,‘ may serve for estimating the complete characteristic 
diagram for similar pumps. 

The author paid considerable attention to the question of 
whether the assumption that the instantaneous-flow conditions 
at any point on a path of transient behavior are identical with the 
flow conditions for the corresponding steady state of operation. 
This question has been treated analytically by Bergeron,* and the 
correction term thus obtained can be easily applied in the surge 
calculations, should special conditions demand such a refinement. 
The author’s tests and especially Figs. 8 and 9 of the paper prove 
that neglecting this correction gives, in the majority of practical 
cases, an agreement between test and computation well within the 
required degree of precision. It may not be superfluous to men- 
tion that surge calculations have at present a precision and re- 
liability which are not easily attained by other hydraulic compu- 
tations. 

The complete characteristic diagram obtained by the author 
shows remarkably smooth curves and the writer would be 
obliged if the author would, in his closure, plot the individual 
test points for at least one run of Figs. 2 and 4, in order that the 
writer may form an opinion regarding the precision of these 
curves, 

The complete characteristic diagram draws attention to the 
possibility of operating the pump also as a turbine. In this 
respect, Kittredge’s test results‘ on the small Voith pump are 
encouraging. With a small sacrifice in efficiency, future installa- 
tions may thus be simplified considerably under favorable condi- 
tions, outweighing the difficulties of an electrical nature due to 


8 “High-Head Penstock Design,”’ by A. W. K. Billings, O. H. 
Dodkin, F. Knapp, and A. Santos, Jr., published in the ‘“‘“Symposium 
on Water Hammer,” THe AMERICAN Society or MECHANICAL ENGI- 
NEERS, New York, N. Y., 1933, pp. 29-54. 


***Machines Hydrauliques,"”” by L. Bergeron, Dunod, Paris, 
France, 1928, p. 515. 
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different speeds of pump and turbine for best efficiency operation. 
The Baldeney plant in Germany already includes such an installa- 
tion,!° and other installations will follow shortly. 


R. W. Aneus." In the study of water-hammer problems in 
pump-discharge lines it is necessary, in many cases, to know the 
complete characteristics of the pump, both for forward and back- 
ward rotation. Most builders have data on their pumps when 
working normally from zero discharge up to perhaps 20 per cent 
above rated discharge, but are unable to give any information at 
very low pressures or in abnormal operation, such as backward 
rotation or reversal of flow. 
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In solving problems on water hammer due to failure of power 
supply to the pump, the pump data necessary are, (a) head- 
discharge and efficiency-discharge curves for normal operation of 
the pump at full speed between zero discharge and zero head; 
(6) similar curves when, after power failure, the pump is still 
running forward, due to its known WR? effect, but at such a 
speed that water is running downward through it, such curves 
are needed for each of several speeds; (c) the head-discharge 
curve when the pump is running backward but without any 
torque positive or negative, on the shaft, the speed varying 
naturally with the head; (d) corresponding curves to those of (a) 
when the pump is running backward asa turbine. Torque curves 
should accompany all the head-discharge curves. 

Such data are exceedingly rare and it is gratifying that the 
author has carried out necessary tests to determine them for 
some pumps, and it is hoped that this work will be continued by 
him and supplemented by tests made by many pump builders 
in their own shops. 

The diagram shown in Fig. 7 of the paper covers all the data 
secured and is a concise way of representing the results. In this 
diagram the zone of normal operation covers less than 34 deg 
and the figure becomes rather complicated if many pressure 
curves are drawn in. In Fig. 10 of the paper the pressure lines 


10 ‘‘Die Betriebseigenschaften von Pumpen verschiedener Schnel- 
laufigkeit und deren Regulierung,’’ by G. Herman, Escher-Wyss 
Mitteilungen, 1934, no. 3. 

11 Professor of Mechanical Engineering, University of Toronto, 
Toronto, Canada. Mem. A.S.M.E. 
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are almost exactly parallel to the speed lines, and the head-dis- 
charge curve at constant speed must be horizontal for a fair 
range of discharges. The region of positive speed, negative 
discharge and positive torque covers 90 deg and can be easily 
read on both diagrams, as can also the results for negative dis- 
charge and speed, and zero torque. The region above the zero- 
torque line of negative discharge and speed and also of negative 
torque is so small as not to be useful, although this part of the 
curve is not so necessary as the others. 

It is true that the author’s diagram is complete, but the writer 
feels that some parts of it are so cramped as to make accurate 
reading of it very difficult. 

The notation adopted appears to be that the head, discharge, 
speed, and torque are all positive when power is being applied to 
the shaft of a pump, which is rotating in its designed sense as a 
pump and lifting water to an increased level. Since in zone III 
below the zero-torque line the machine acts as a normal turbine, 
this would appear to be a field of negative torque instead of posi- 
tive, as marked. 

The writer compiled Fig. 1 of this discussion from Fig. 7 of the 
paper so as to obtain curves of the form for actual use in water- 
hammer problems. If only curves for one, or at most two, speeds 
in the normal pump are experimentally located, the curve at any 
speed may be drawn by well-established laws, and it may be that 
these laws could be equally well applied in the field of negative 
discharge, so that only one or two constant-speed curves would 
need to be determined there also. So little is known about pumps 
when the water runs downward through them, that in earlier 
investigations, at least, a number of curves at different constant 
speeds should be established to show whether any modifications 
of the ordinary theory are necessary. It is hoped that the 
author’s work will be greatly expanded and increased by tests 
being reported on many mote pumps. 


Louis BerGcEron.’? If one wishes to study the problems con- 
nected with the operation of pumping stations it is necessary 
first to know the characteristic curves of the pumps. These may 
best be obtained from actual tests of the sort made by the author, 
but this procedure is not often possible. It is useful then to 
recall that curves of this nature may be predetermined with 
sufficient accuracy to enable studies to be made of variations in 
regime, particularly that of water hammer due to sudden stop- 
page, and that the curves may even be calculated before the 
pump is built. The general question of analytical determination 
of pump characteristics has been given elsewhere!* by the writer. 

The writer calculated pump characteristics and compared 
them with those presented by the author, and, with very minor 
adjustments, the writer found the agreement reasonably satis- 
factory. 

The theorem of moments of momentum makes it possible to 
find the shape of the characteristic curves of pumps for all pos- 
sible regimes, and the knowledge of some empirical coefficients 
drawn from experiments permits the construction of these curves 
before a pump is built. As the calculation of water-hammer 
effects must in any event be made with an adequate factor of 
safety, the lack of precision in the curves presents no real diffi- 
culty. It is, in fact, sufficient, when the estimation of a curve 
is in doubt, to draw it in the direction of greater safety, in order 
that there be no question as to security in the final result. One 
may say that the predetermination of the characteristic curves of 
centrifugal pumps presents a real interest, even though it is 
sometimes only a rough approximation. 


12 Professor, L’Ecole Centrale des Arts et Manufactures, Paris, 
France. 

13 ‘Machines Hydrauliques,’’ by L. Bergeron, Dunod, Paris, 
France, pp. 515-530. 
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As the author points out, the 
complete characteristic dia- 


gram emphasizes the possibility 
of using the same machine 
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either as a pump or as a tur- 
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bine. This emphasis would in- 


crease if the constant-efficiency 
contours were added to the 
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diagram. All of the pumps 
tested in the hydraulic-machin- 


Head, Feet 


ery laboratory of the California 
Institute of Technology have 


shown high efficiencies as tur- 
bines. It will be interesting 


to see what the designer can 
do in the way of bringing the 


points of best efficiency closer 
to the same speed and discharge 
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for the two types of operation. 
The author regrets that he 
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AuTHOoR’s CLOSURE 


The author is indebted to Mr. Knapp for bringing out so clearly 
the fact that Fig. 7 of the paper is a contour map of the solid 
“characteristic mountain’’ of the machine. In fact, Fig. 7 as 
plotted is really formed by superimposing two contour maps, both 
having the same base coordinates, but with one having the head 
as the third coordinate and the other employing the torque. A 
third member of this group of three-dimensional characteristic 
surfaces which is also of considerable interest presents the efficiency 
as the third coordinate. However, if plotted in Fig. 7, contours 
of this surface would appear only in the four zones of pump and 
turbine performance unless it could be shown desirable to employ 
the concept of “negative efficiency.” 

Table 1 of Mr. Knapp’s discussion enumerates concisely the 
conditions which exist in the eight zones of possible operation 
shown in Fig. 6 of the paper. If these zones are inspected con- 
secutively, proceeding counterclockwise from the zone of normal 
pump operation, it will be seen that they correspond respectively 
to cases 1, 2, 3, 7, 8, 4, 5, and 6 of the Table. 

The author joins with Mr. Knapp in his opinion that one of the 
most important uses of the complete characteristic diagram is as a 
part of the calculation of the transient behavior of a pump com- 
bined with a long discharge line. In fact, the diagram shown in 
Fig. 10 was used for that purpose by Mr. Peabody of the Metro- 
politan Water District of Southern California in connection with 
the pumping plants of the Colorado River aqueduct. It is felt 
that extremely satisfactory predictions of transient behavior can 
be obtained by the use of the graphical methods of Professors Ber- 
geron and Angus with the help of the complete characteristic dia- 
grams obtained from tests of models of the pump to be used. 

The author concurs in regretting that the complete characteris- 
tic diagram is so seldom furnished by the manufacturer to his 
customer, but at the same time feels that this situation is easily 
understood. The accurate determination of the complete char- 
acteristic of the machine demands much more extensive and ex- 
pensive laboratory equipment than is required to secure simply 
the normal operating characteristics of it as a pump, and the time 
of testing is also several timesas much. Few manufacturers have 
such equipment available and will probably be reluctant to install 
it unless the demands of their customers for such information 
greatly increases. 
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; is unable to comply with the 
Positive Discharge 


request to publish the actual 
test points for typical runs of 
Figs. 2 and 4. The precision 
of these first experiments was 
only moderate; i.e., + 1 per cent. However, the accompany- 
ing Fig. 2 shows sample runs in these regions from which Fig. 
10 was constructed. It is hoped that this will serve the same 
purpose, and at the same time be more representative of the pres- 
ent laboratory practice, since the measurements are of a much 
higher degree of precision. 

Professor Angus points out, in his discussion, that some of the 
important regions in Fig. 7 are too cramped for convenience in 
actual use. For example, he cites that the zone of normal pump 
operation covers a sector of less than 34 deg. However, if Fig. 10 
is compared to Fig. 7, it will be seen that the difficulty is easily 
remedied by the choosing of a more open scale for the ordinate. 
The zone of normal pump operation in Fig. 10 covers over 62 deg 
and could be further extended if the quantity scale were to be in- 
creased. However, the author has no intention of maintaining 
that the coordinates chosen for the complete characteristic dia- 
gram are the most suitable ones for all uses. The question of 
desirability can only be determined by the specific needs of a 
given problem and the personal preferences of the worker. On 
the other hand, it is felt that the coordinates used in Figs. 6, 7, 
and 10 do offer the advantages of presenting the entire picture 
without superimposing different zones of operation, and of bring- 
ing out clearly the different physical conditions under which the 
machine operates in the various regions. In fact, the relative 
size of these regions is in itself significant, and calls attention to 
their comparative importance in the entire scope of the possible 
operation. 

The author is indebted to Professor Angus for raising the 
question concerning the sign of the torque in the third or turbine 
quadrant, since it gives him the opportunity of clarifying the 
rather sketchy statement in the original article concerning the 
conventions adopted. 

All quantities are considered as positive when the machine is 
operating asa normal pump. From this the meaning of negative 
speed follows directly. Negative discharge occurs when the 
direction of flow of the fluid is reversed. Negative head exists 
when the head in the volute is less than the head at the eye of the 
runner. These conventions are all quite straightforward. How- 
ever, the meaning of positive and negative torque must be con- 
sidered a little more carefully. If positive torque is defined as 
existing during normal pump operation, it must necessarily be 
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accompanied by a flow of power from external sources into the 
machine. If speed is defined as positive for this condition also, 
then it follows that the concept of torque adopted is that of the 
torque applied to the machine by external means. The sense of 
the turning movement applied to the machine therefore deter- 
mines whether the torque is positive or negative. It should be 
noted that this has nothing to do with the direction of rotation. 
Thus for normal turbine operation the shaft revolves in the 
opposite direction to that for normal pumping, but the torque 
applied to the machine does not reverse direction, and is therefore 
positive. This is consistent with the flow of power. Positive 
torque times positive rotation means an inflow of power during 
pumping. Positive torque times negative rotation therefore 
indicates an outflow of power, i.e., turbine operation. It will be 
noted in Fig. 6 of the paper and in Table 1 of Mr. Knapp’s dis- 
cussion that whenever the torque and the speed have the same 
signs there is an inflow of power through the shaft of the machine, 
and whenever the torque and speed are opposite in sign there is 
an outflow of power from the machine. 

Professor Angus calls attention to the present lack of experi- 
mental evidence concerning the applicability of the similarity 
laws to the zones of abnormal operation. This is an interesting 
question. In the investigations carried out so far in the labora- 
tory of the California Institute it has been found that the simi- 
larity laws give very close agreements with test results in cases 
for which the minimum pressure in the system was sufficiently 
high to eliminate cavitation. However, the entrance of cavita- 
tion introduces a new variable which causes definite deviations 
from the conditions of similarity. 

Professor Bergeron emphasizes the regrettable fact that it is 
usually difficult to obtain the necessary laboratory determinations 
of the complete characteristics of the machine to be used in an 
installation in time to make much use of it in the design of the 
plant and discharge lines. He recalls the useful methods that he 
has developed to predict the probable nature of these char- 
acteristics from the design data of the machine and proposes that 
these predictions be used at least in the preliminary design of the 
discharge lines and equipment. The author feels that this is a 
desirable procedure and one that is probably adequate for in- 
stallations of normal size. However, for large installations it is 
felt that such preliminary studies should be amplified by an ex- 
perimental determination of the characteristics, and that such 
determinations should be made with the same operating con- 
ditions of inlet heads as will exist in the actual installation. Thus 
the effects of cavitation upon the operating characteristics can be 
studied through all the zones, and the consequent modification of 
the surge conditions can be ascertained. 

In conclusion, the author wishes to thank all those who have 
contributed to the discussion, both at the time of presentation 
and in written form, for the friendly interest they have shown in 
the work, and the many helpful suggestions they have made. 


Air Conditioning of Railroad 
Passenger Cars’ 


E. W. Trstr.? The writer would like to discuss briefly (1) the 
mechanical efficiency of the direct-drive air-conditioning equip- 
ment at various speeds and (2) the cost of the various air-con- 
ditioning systems as covered in Table 2 of the paper. 

In regard to direct-drive efficiency the tests which were made 


1 Published as paper RR-59-5, by L. W. Wallace and G. G. Early, 
Jr., in the November, 1937, issue of the A.S.M.E. Transactions, vol. 
59, p. 733. 

2 Assistant to the President, Pullman-Standard Car and Manufac- 
turing Company, Chicago, II. 
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on this drive were based on equipment which was supplied for 
conventional trains operating at average speeds of 40 to 50 mph, 
so that the setting of the speed control was made to develop 
high efficiency within a speed range which would be experienced 
by those trains. It is entirely possible to so adjust the speed con- _ 
trol that the point of highest efficiency can be raised to a higher 
train speed and this has been done on a great many cars which 
are used in high-speed service. In Mr. Wallace’s report to the 
Association of American Railroads this fact was mentioned. 

In regard to the installation costs, inasmuch as the costs cover- 
ing the direct-mechanical system go back to the very pioneering 
days of air conditioning and cover the first 423 cars on which the 
Pullman Standard Car and Manufacturing Company engineered 
and installed the air-conditioning systems and manufactured ex- 
perimentally a great many of the parts, the costs are naturally 
higher than are the costs shown for the other systems which were 
not obtainable until later after a good deal of pioneer work on 
air-conditioned railway cars had been done. The costs on a good 
many of the early cars equipped with the direct-mechanical sys- 
tem ran as high as $10,000 per car, whereas the costs later on ran 
from $1500 to $2500 per car less. In the case of the electrome- 
chanical system, a good many cars of smaller cooling capacity than 
were built with the direct-mechanical system are included in the 
total electromechanical cost, of which the $6484 shown is an av- 
erage. Furthermore, in the cost per car of the direct-mechanical 
system, the dismantling and rearrangement incidental to the air 
conditioning has all be included, whereas the writer understands 
that all of these costs are not included in the electromechanical 
column. 

There is one other reason why the costs of the electromechani- 
cal system are not comparable with the costs of the direct- 
mechanical system; namely the installation on a good many 
new cars, on which rearrangement and dismantling were not 
necessary, has brought down the average per-car cost of the elec- 
tromechanical installations, whereas all the direct-mechanical 
systems were installed in old equipment. 

If the costs of the two systems were put on the same basis the 
fixed charges for the direct-mechanical system should be some- 
what less than those put on the electromechanical type of equip- 
ment. 


A. R. Waker.’ The writer is of the opinion that Table 3 of 
the paper gives a comparison which is unfair to the direct- 
mechanical air-conditioning system, since it evidently includes 
the speed-control device. 

Under the author’s discussion of “Power Demand,” it is not 
clear to the writer as to whether the effect of the storage battery 
on generator loading for the electromechanical system has been 
included. This effect is considerable in practical operation, both 
when cooling is required and when it is not required. Another 
variable must be considered, namely, the ratio of running time 
to standing time of the train. 


E. M. Bitu.4| The work which the Association of American 
Railroads has undertaken in the investigation of the various 
systems and equipment for the summer air conditioning of rail- 
way cars, was a gigantic task and has been attacked by Mr. 
Wallace and his associates, in a prompt, efficient, and intelligent 
manner, 

When the General Electric Company was approached some !5 
months or two years ago by the Association of American Rail- 
roads with the request that we submit one of our air-conditioning 
equipments to test under the supervision of Mr. Wallace and his 


3 Electrical Engineer, Equipment, Illinois Central System, Chi- 
cago, Ill. 
4 Transportation Department, General Electric Company, Erie, Pa. 
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associates, the answer was forthcoming immediately to the effect 
that we would be glad not only to submit an equipment but to 
furnish any other assistance that was requested. 

The work, as it was conducted, has already been described, and 
the outstanding significant points of the entire procedure are the 
tremendous number of observations that were made both in the 
laboratories and in the field, the excellent cooperation that was 
obtained, and the extremely short time which was allotted to the 
job and in which the job was accomplished. 

All of the manufacturers should be grateful to the A.A.R. for 
defining a uniform method of obtaining the power demand on a 
locomotive imposed by the air-conditioning equipment, and for 
developing a cost-determining method per 1000 car-miles for an 
air-conditioning equipment. While some may see fit to take 
exception to certain constants that have been used, this is of minor 
importance when one considers the general principles that are 
laid down by the authors. 

The conditions met on the various railroads in the United 
States, Canada, and Mexico, as well as in the world, all operate 
to vary, to a greater or lesser degree, the constants that should 
be applied to the general procedure in calculating the power de- 
mand on the locomotive and the total cost of operation of a rail- 
way-car air-conditioning equipment. 

The authors have included four sets of curves, Figs. 1 to 4, 
inclusive. They are really four individual sets of curves of very 
complete families that could be drawn, and it is incumbent on 
th se responsible for air conditioning in our railroad organiza- 
tions to determine as accurately as possible the various constants 
that are applicable properly to their own systems and to apply 
them accordingly in computing costs of operation. 

Referring specifically to the conclusions drawn from Table 12, 
there are two things facing the manufacturer of air-conditioning 
equipment: 

1 The manufacturer can build an air-conditioning equipment 
for each set of climatic conditions found in different parts of the 
country, each with a different size of compressor, motor, controls, 
and the like; obtain a very nice balance between all the com- 
ponents; and have equipments that are the minimum in weight 
and space for the service demands. 

2 An equipment can be designed wherein the various units 
are so designed that they are as intelligent compromises as can 
be made. Then there is one compressor to build, one motor to 
build, one control equipment to build, and the various climatic 
conditions are met by varying the heat-transfer surfaces, com- 
pressor speeds and the like, but the resulting equipment is over- 
weight for all but the most severe applications and is, therefore, 
open to criticism; however, better prices can be made because 
production is higher. 

While it would be desirable from the manufacturing stand- 
point, to build air-conditioning equipment in the same manner 
as automobiles are built (the same design of automobile appears 
on the deserts of southwestern United States, in the wooded 
lands of Canada, in the mountainous regions of Montana and 
Idaho, and in the Everglades of Florida, and is accepted by the 
general public without change), remember that the manufac- 
turers of air-conditioning equipment are stopped from doing this 
because of different car-construction details on the several rail- 
roads and sometimes on the same railroad. Further, our rail- 
roads feel that the equipment they buy should meet their con- 
ditions without excess weight and excess power consumption. 
This is as it should be, for the equipments must be built to fit the 
cars and the service; the cars and service are not going to be 
changed to fit the equipments. 

It is granted that railway-car air-conditioning equipment can 
be built on a production basis at a fraction of the present cost, 
providing the equipment is manufactured on a production basis 
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as are our automobiles of today; but, when we consider the 
present phase of air conditioning for railway cars is less than 10 
years old and that there are roughly 10,000 railroad-owned cars 
air-conditioned at this time, it is obvious that the volume of pro- 
duction is nowhere near that which was attained by our auto- 
mobile industry during the first 10 years of its growth. 

The authors have pointed out definitely that the total cost of 
operation of air-conditioning equipment is not necessarily the 
final answer. On our railroads there are many conditions to be 
met which must be taken into account in the choice of an air- 
conditioning equipment for application on that particular rail- 
road. 

As indicated in Table 2, by the wide variation in power con- 
sumption per ton of refrigeration, a decided reduction in power 
consumption can be obtained under certain conditions. Often 
these conditions, which will allow the lower power consumption 
per ton of refrigeration, are not acceptable to local railroad 
conditions; therefore, resort cannot always be had to those ex- 
pedients that will accomplish the very desirable reduction in 
power consumption. 

As long as we are faced with the varying climatic conditions 
extant in the various portions of the country through which our 
railroads run; as long as cars may move off of their own lines into 
other sections of the country and be required to do an acceptable 
job of air conditioning; and as long as spaces in car bodies and un- 
derneath car floors are restricted and are of different amounts 
and shapes the manufacturer will have to build air-conditioning 
equipment to meet special conditions if he meets the specified 
performance required by the railroads. This precludes mass 
production. 

In railway-car air conditioning the General Electric Company 
proposes first to meet the specified requirements of performance 
with an equipment that can be installed on a car and that is re- 
liable. Air conditioning is an accessory to the more important 
business of transporting passengers and our railroads cannot be 
bothered with failures of accessories. 

In their conclusions of this paper the authors have listed some 
very desirable features and improvements in railway-car air- 
conditioning equipment. The General Electric Company has 
realized these needs for some time and is working on them. It 
is sincerely hoped that all the improvements listed are susceptible 
of attainment. 


AuTHors’ CLOSURE 


As Mr. Test points out, it is possible to adjust the speed control 
of the direct drive in order to obtain the highest efficiency at the 
speed at which the train normally operates. The drive tested 
was set so that the maximum torque was developed at 42 mph, 
which is the normal setting for the majority of cars now operating. 
This setting is usually increased for cars operating in high-speed 
trains. It should be pointed out, however, that when the setting 
is increased, the compressor operates at reduced speed, and there- 
fore reduced capacity, at those speeds below the speed-control 
setting. If the setting is high in order to gain in efficiency in the 
higher speed brackets, the car will not cool properly at the lower 
speeds. 

Mr. Test takes issue with the installation costs presented and 
gives the following reasons: (a) The cost for the direct-mechani- 
cal system included the cost of pioneering and development; 
(b) cars of smaller cooling capacity are included in the electro- 
mechanical cost; (c) The electromechanical systems were in- 
stalled on a majority of new cars, while the direct-mechanical 
was installed chiefly on old cars requiring greater installation 
costs; (d) cost of dismantling and rearrangement of the car has 
been included for the direct-mechanical, but not for the electro- 
mechanical. 
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With regard to the installation costs, the following should be 
emphasized: 

(1) The costs presented for each type of air-conditioning 
equipment were only for those installations made in the year 
1935. One exception was for the internal-combustion engine 
equipment, the costs for which are for 1936. For this reason, 
the development costs Mr. Test speaks of are not included. 

(2) Fifteen per cent of the electromechanical installations in 
1935 were of smaller capacity than usual. These systems did 
have a lower installation cost, but it was caused chiefly by the 
mechanical arrangement of the equipment and not the reduced 
capacity. 

(3) The ratio of new to old cars for both electromechanical 
and direct-mechanical is very small. Of 391 electromechanical 
cars equipped, only 11 were new cars. 

(4) When the costs presented were developed by the depart- 
ment of finance, accounting, taxation, and valuation of the As- 
sociation of American Railroads, particular care was taken to 
prevent unfairness in charges. The costs presented are for com- 
parable operations, and include the dismantling and rearrange- 
ment charges for each system. 

In comparing the costs of the electromechanical and direct- 
mechanical systems there is one point that was not brought out. 
The direct-mechanical systems, by necessity, were installed by 
contract by the direct-drive manufacturer, while the electro- 
mechanical were principally installed by the individual railroads 
in their own shops. The costs of the direct-mechanical system, 
therefore, contain a certain overhead charge and profit to the 
drive manufacturer. The costs presented, however, are those 
which the railroads were required to pay. 

Mr. Walker is of the opinion that Table 3 of the paper gives a 
comparison that is unfair to the direct-mechanical system since 
it includes the efficiency of the speed control. The speed control 
of the direct drive is a necessary and integral part of the drive and 
its efficiency must be included when reference is made to the 
drive’s efficiency. 

In all fairness to the direct drive, which does not require a 
generator or motor interposed between the drive and the com- 
pressor, Table 4 of the paper was included. This table compares 
the efficiency of power transmission from the car axle to the com- 
pressor flywheel for each type of drive tested. 

There are several items that enter into the power demand upon 
a locomotive by an air-conditioning system. The power require- 
ments shown were developed for average conditions which are 
only one of many possible combinations. Allowances were made 
for the loss occasioned by taking power from the storage battery 
when the equipment was operating off the battery. 


The Application of Heaviside’s Op- 
erational Calculus to the Solution 
of Problems in Water Hammer’ 


M. A. Mason,? P. Danet,? anp A. Craya.‘ The papers pre- 
sented at the Second Water-Hammer Symposium reflect the 
present status of the analytical and graphical methods of study- 
ing water-hammer phenomena. While the analytical method 
has been progressing slowly, under the guidance of men like 


1 Published as paper HYD-59-15, by F. M. Wood, in the Novem- 
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Allievi, Gibson, and others, the graphical method has rapidly 
gained more and more favor as a means for solving the problems 
encountered in practice. It can be stated that the value of the 
graphical method has not only been recognized by its greater 
use, but also by the fact that it is being taught to students at 
the present time almost to the exclusion of the analytical 
method. In fact, the graphical method is so favored, at least in 
Europe, that it might be thought that the analytical method 
could be more or less abandoned. Such is not the case, however, 
as a very real value is attached to the mathematical methods of 
water-hammer study. For the purpose of establishing general 
laws and as a research tool the analytical method is far superior to 
the graphical method. One may cite, as examples, the very 
interesting problems treated in the papers by Allievi' and Wood.! 

It is of interest to note that while the author employs, for the 
study of water hammer, mathematical methods developed in 
connection with the study of electrical surges in transmission 
lines, almost at the same time Bergeron studied electrical surge 
problems by means of a graphical method developed to study 
water-hammer problems.’ Unfortunately, the use of operational 
calculus for the solution of hydraulic problems is seriously 
hampered by the many approximations required, which ap- 
proximations, it should be remembered, are introduced as a 
result of an imperfect knowledge of the hydraulic phenomena 
involved, rather than because of defects in Heaviside’s calculus. 


AvutTHorR’s CLOSURE 


The author wishes only to supplement the last paragraph of 
the discussion, regarding approximations. Approximations are 
used either because of imperfect knowledge of the phenomena or 
because of weakness in the processes of solution. 

In the early classic work of Allievi, it was necessary to neglect 
the friction terms. In the use of Heaviside’s calculus the friction 
is approximated by making it inearinv. Inthe graphical method 
friction is assumed as varying with the velocity squared, a much 
closer approximation limited by our imperfect knowledge. 

The weakness of the present graphical method is that it is 
based on an analytical study which neglects friction. The fric- 
tion factor is added as a correction, independently, and at definite 
intervals of time. The graphical method will undoubtedly be 
improved as the basic analytical methods are further extended. 

The author wishes in conclusion to thank those who have re- 
frained from criticism of the inadequacy of several of the ex- 
amples, which were chosen to illustrate method. As stated when 
the paper was presented, example 5 (Fig. 9), is the most construc- 
tive, as it develops an exponential law of damping due to friction. 


Hot-Pressing Technique for Plywood’ 


Don Brovss.? The writer wishes to compliment the authors 
on the work presented. Much of the info:mation given is funda- 
mental and forms a worth-while addition to the limited technical 
literature on hot-pressing technique. The following comments 
may have no decided bearing on practical applications but they 
may prove of value if further work is to be done. 

The results shown in Fig. 9 would probably have been consid- 
erably different if the readings had been taken at the center of 8 


5 ‘‘Air Chambers for Discharge Pipes,” by L. Allievi, Trans. 
A.S.M.E., vol. 59, November, 1937, paper HY D-59-7, p. 651. 

6 “Méthode graphique générale de calcul des propagations d’ondes 
planes,” by L. Bergeron, Memoires de la Société des Ingénieurs Civils 
de France, July-August, 1937, pp. 407-497. Also: Société Fran- 
caise des Electriciens, Bulletin 82, October, 1937. 

1 Published as paper WDI-60-3, by T. D. Perry and M. F. Bretl, in 
the January, 1938, issue of the A.S.M.E. Transactions, vol. 60, p. 59. 

2 Engineer, U. 8S. Dept. of Agriculture, Forest Service, Forest 
Products Laboratory, Madison, Wis. 
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larger panel instead of at the center of a 12 X 12-in. panel. At 
the center of a large panel, the writer would expect the curve 
showing the temperature at higher moisture contents, 13 to 15 
per cent, to approach the one for low moisture content, 0 to 1 
per cent. That is, the effect of moisture content would be 
less pronounced at the center of a large panel where whatever 
steam is formed could escape but slowly. The data as they are 
presented, however, show the conditions as they might exist near 
the edge of a large panel and if the operator follows the curves 
he may be sure that the conditions in the center of the panel will 
be more favorable. 

In another place the authors report that no difference due to 
species could be detected. From the work that Dr. MacLean is 
doing on the rate of temperature change in wood, the writer be- 
lieves that differences would be detected if the density varied 
over a range sufficiently wide and if the measurements could be 
made with sufficient exactness. MacLean’s data indicate that 
species of low density would require less time to reach a given 
temperature than woods of high density tested under similar 
conditions, 

The writer would question the accuracy of the data by Gern- 
gross given in Table 4. It seems highly improbable that ex- 
posures to temperatures as high as 284 F can increase the strength 
of wood as the data show for pine. Prolonged exposures to tem- 
peratures even as low as 212 F cause changes that greatly weaken 
wood. As the temperatures increase this action becomes more 
rapid and it is more pronounced at high moisture contents than 
for dry wood. Experience in the preservative treatment of tim- 
ber indicates that it may also depend on the size of specimens and 
on species. The effect of heat on the strength properties of wood 
appears, therefore, to depend on the temperature involved, the 
time of exposure, the moisture content of the wood, the size of 
the piece, and probably on the species. It seems further that 
the property first affected might not be the tensile strength but 
rather the toughness or perhaps the strength in tension perpen- 
dicular to the grain. It is not intended to appear to favor the 
theory that exposure to temperatures of around 300 F for normal 
pressing periods of 10 min or so has a significant deteriorating 
effect on the strength properties of wood for, at present, the 
writer has no data to support such a position but it is believed that 
from a theoretical standpoint there is an effect, and that for the 
present the attitude should be one of suspended judgment until 
further experience defines more clearly the exact effect of heat on 
strength properties. 


H.S. Jonss.* In the opinion of the writer this paper deals with 
the most important development in the manufacture of plywood 
in many years. 

The plywood industry has long felt a need for adhesives that 
would have (a) added and assured strength, (b) waterproof and 
weatherproof qualities, (c) reliability of bond, and (d) qualities 
that would speed production and shorten required delivery time. 
As the authors point out, much progress had been made in this 
direction before the introduction of resin adhesives, by using 
blood albumen and caseins. The resin glues used in connection 
with hot-plate presses approach the fulfillment of the four de- 
sired qualities mentioned more than any other type of adhesive 
yet known. 

The manufacturers of resinous adhesives are to be congratu- 
lated not only on their current developments but for their con- 
tinued research to better the product and lower the cost. 

Resin-Film Adhesive. The resin film, so far, seems to be the 
most reliable of the resin glues inasmuch as the mixture of the 
ingredients is controlled at the adhesive-manufacturer’s plant 


‘Industrial Engineer, Mahogany and Hardwood Division, The 
Mengel Company, Louisville, Ky. 
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and is not dependent upon measurement, mixing, and adjust- 
ment by the workman at the plant of the user. 

The “lay-up” cost of the film glue is greater than that of the 
liquid resins that may be spread by means of a mechanical 
spreader. Several aids have been devised for cutting the film 
more rapidly and layouts are being improved to facilitate the 
laying of the films but, as yet, it is not possible to meet the cost of 
laying up with liquid adhesives. 

Moisture Content. The authors apparently recommend 
moisture contents for veneers of from 7 to 9 percent. It has been 
the writer’s experience that this range of moisture content gives 
the best results but a method has been adopted of drying the 
veneers to 5 per cent or under and passing the dried veneers 
under a fine water spray an hour or two ahead of the pressing 
operation. This has been done for two reasons. (a) It seems 
that the internal stresses in the plywood are reduced since the 
wood fibers have been shrunk by reducing the moisture content 
of the veneer to 5 per cent or below. (6) The free moisture on 
the surface of the veneer seems to assure a more positive bond. 
The writer understands that some manufacturers, cutting their 
own veneers, control the moisture content to the desired limit 
and do not use the free-moisture method. This reduces the cost 
but at present it is felt that better results are obtained with 
the use of the water spray. 

An advantage that could be realized with the use of liquid 
resins instead of film resin in addition to the lower cost of laying 
up would be the control of moisture. Veneer could be dried 
to low moisture contents, or sufficiently low to reduce the tend- 
ency to shrink and swell, and with the free moisture present in 
the mixed resir, a quicker bond could be obtained. There are 
many objections to the wet method, however. A variation in the 
thickness of the veneer, if very great, would necessitate the ap- 
plication of a heavier coat of adhesive increasing the cost, and of 
course, the human element would enter as the workman would 
have to be relied upon to adjust the spreader, with the possibility 
of his cutting the spread below the safe limit for a good bond 
or increasing the spread for safety, thereby increasing the cost. 

Whether the resin used in hot-plate plywood be liquid, sheet, 
or powder, the plywood is superior to that glued with other glues 
and, as the authors point out, resin glues offer a wider scope for 
the use of plywood. 

About two years ago the writer made an automobile trip 
through Florida to inspect veneer mills in that state. Each day 
he saw scenes of automobile wrecks or cars being towed that 
seemed to be damaged beyond repair. Here were all-metal auto- 
mobile bodies crushed, resulting in death of the occupants in 
many cases. The use of all-metal bodies has made great inroads 
into the business of manufacturing machined wood parts for auto- 
mobile bodies. The writer believes that the automotive indus- 
try, in time, will use hot-plate plywood in body construction be- 
cause it is strong, durable, resilient, waterproof, and light. 
It may be a metal-and-wood combination, but he cannot help 
but believe that with the increasing demand for more miles per 
gallon of gasoline and more speed, hot-pressed plywood will find 
a place in the automobile bodies of the future. Its use will not 
stop accidents but it should reduce the fatalities and casualties. 
The public is already ply-glass conscious and demands safety 
glass in car windshields and windows. Why should it not be 
plywood conscious and demand a plywood body construction? 

The recent Ohio flood showed the superiority of resin-bonded 
plywood. Furniture glued with ordinary glue literally fell 
apart, and while the joints could have been reglued, the plywood 
was beyond reclaiming. Plywood bonded with resins by the 
hot-plate method was subjected to the flood waters and the bond 
was unchanged after the waters receded. The citizens of the 
Ohio valley would have been saved thousands of dollars had the 
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plywood in their furniture been made by the resin hot-pressed 
method. 

The aircraft industry will also turn more and more to the use of 
hot-pressed plywood for the same reasons as will the automotive 
industry. 

The authors have covered the subject of hot-pressing technique 
very thoroughly and have pointed out the greater possibility of 
the use of plywood in a vastly enlarging field. 


C. E. Rozema.* The paper provides the present and prospec- 
tive hot-press user with a great deal of valuable information. 
Just how complete and valuable is this information will become 
increasingly apparent to those who use it. 

The use of aluminum cauls has been considered to be quite 
essential. Their function is threefold. First, and most impor- 
tant, metal cauls serve to prevent excessive heat hardening of the 
adhesive before full pressure is applied. Secondly, they prevent 
discoloration of certain veneers which are sensitive to staining 
from contact with iron platens. Thirdly, when the bottom 
veneer is comparatively thin and subject to buckling, metal cauls 
facilitate rapid loading without danger of producing folds and 
laps. It follows then, that panels with relatively thick face and 
back veneers which are not damaged by iron staining do not re- 
quire metal cauls. This is frequently of advantage, especially 
when the panels involved are not of sufficient number to warrant 
investment in cauls. 

There are many adhesives available for use in heated presses. 
Each has objectionable features; some have more than others. 
The handling and pressing procedure must be adjusted to make 
each adhesive perform to greatest advantage. It is noteworthy 
that during the last few years the pressing technique for the 
various resin adhesives has become more and more standardized. 

The synthetic-resin adhesives, especially those requiring high 
press temperatures, are more or Jess sensitive to moisture con- 
tained in the veneers. This has necessitated unusually close at- 
tention to the moisture content of the veneer stock. 

Further, closer attention must be given to the variations in 
thickness of veneers. Failure to use veneers of uniform thickness 
results in the production of paneling having occasional weak 
spots because the requisite pressure was lacking. 

These factors—control of moisture and of veneer thickness— 
are not directly connected with hot-press design and operation, 
but are most certainly a part of the technique required in the 
manufacture of a uniformly high-grade product. 

Animal glues, blood-albumen glues, casein, and soy-bean glues 
are in use today with hot presses. Their well-known properties 
need no discussion here. Suffice it to say that press temperatures 
range from approximately 150 to 230 F. 

One class of resinous adhesives, the urea-aldehyde type, can be 
used at temperatures of from 200 to 300 F. These resins are be- 
coming increasingly important as plywood adhesives. At the 
present time they are applied as liquid, but are dry or nearly dry 
when entering the press. 

Plywood subjected to the most severe service conditions must 
have glue joints of exceptionally high quality. At the present 
time the heat-hardening phenol-aldehyde-resin adhesives are 
most widely accepted for severe service, such as outdoor exposure. 

It is indeed fortunate that a wide variety of adhesives is availa- 
ble for use in hot-pressing plywood. Certain woods are not 
readily wetted by certain adhesives. This results in weak glue 
joints. Under certain conditions, notably, slow press closing, it 
is desirable to control the rate of hardening of the adhesive. 
This is practicable with many of the synthetic resins. 

The paper ably presents the technique required in the use of 
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the phenolic-resin adhesives. Resin films are appropriately given 
greatest attention. They are used in greatest volume, and the 
pressing technique is quite applicable to the other forms, viz., 
liquid, paste, and powder. 

Reference was made to presses equipped with electrically 
heated platens. Use of the press shown in Fig. 7 over a period of 
4 years has demonstrated that the electric press is indeed prac- 
tical, and the power cost is not excessive. 

Table 5 shows data obtained by testing specimens which had 
been in boiling water 30 min. The writer does not agree that 
boiling for 30 min is the most comprehensive test for plywood 
which is to be used under adverse conditions. The experience 
of the company has led to a preference for a test in which speci- 
mens are alternately soaked and dried. The specimens are 
soaked until maximum veneer expansion is attained, then rapidly 
dried to cause maximum contraction or shrinkage. In this way 
all glue lines are subjected to severe shearing stresses. After 
several such cycles the specimens, still saturated with water, are 
tested for tensile shear strength. Close attention is given to 
tendencies toward glue failure instead of wood failure in the 
shear test. This type of test is used for paneling which will be 
exposed to severe conditions and is admittedly unnecessarily 
severe for that which will not be so exposed. 


H. K. von Matrtitz.° The authors have presented interesting 
data on hot-pressing plywood practice. In discussing various 
types of hot presses, one type that might have been included was 
not mentioned. This type, shown in Fig. 1 herewith, has an 
outer housing consisting of one-piece armor-steel plates. The 
upper crossbeam is of cast steel, as is the massive moving cross- 
beam (press table). There are two large-diameter rams. Rapid 


5 Secretary, The Plycor Company, Chicago, III. 


Fic. 1 German SteamM-Heatep Piywoop Press WitH 15 OPEN- 
INGs 90!/2 X 181 In. 


(Note the one-piece outer press housing with cast-steel upper crossbesm 

and cast-steel moving crossbeam. When ultimately installed in the ply- 

wood factory, the press will be erected in a suitable pitfoundation. Courtesy 

of G. Siempelkamp & Co., —— _— and The Plycor Company. 
Shicago. 
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closing is achieved by a special automatie quick-closing device, 
requiring only one pump for the closing and for the application 
of the high pressure. The pump may be either the triplex plunger 
type or the radial-piston rotary type. This press is built either 
for side loading or end loading, as the case may require. 


AutuHors’ CLOSURE 


The authors realize that the technique for hot-pressing plywood 
is progressing rather rapidly through a pioneering period. The 
widespread acceptance by the industry of hot-pressed resin bonds 
affords substantial encouragement for further research. It was 
the definite conviction of the authors that it was important to 
record the progress already made, for the benefit of the industry 
and engineering profession as a whole. No claim to finality in 
any branch of the technique was intended, and perchance some 
opinions expressed may require early revision or substantial cor- 
rection. 

The period intervening between the preparation of this paper 
(July, 1937) and the publication of this discussion has demon- 
strated that the field of resin adhesives is rapidly broadening and 
that new types, forms, and methods are in the process of develop- 
ment. 

The discussions presented do not reveal major controversial 
points that require rebuttal, but rather amplify the original con- 
tent of the paper. 

The suggestion of Mr. Rozema that alternate wet and dry 
tests may be more comprehensive and informative than the 
30-minute boiling test, is possibly true, if sufficient time is availa- 
ble. However, it was found necessary, as a part of the manu- 
facturing control program of Tego resin film, to devise a quick 
test that was severe enough to insure the dependable quality of 
the product. The 30-minute boil test and subsequent shear 
test while still wet was found to meet this need adequately. 

The effect of temperature on the strength of plywood is dis- 
cussed by Mr. Brouse. Until further authoritative technical 
data are available, practical experience can give an answer. 
Tego bonded plywood has been made for over three years, with 
bonding times up to 15 min at 300 F. If any effect on strength 
occurred, it has certainly never been evident in a practical way, 
as produced by more than fifty fabricators, even after years of 
service. 

The publication of this paper and its discussion may therefore 
be considered a progress report that should be followed by fur- 
ther verification and correction as the facts become available 
through the research and industrial applications that are now un- 
der way. 


Relation of Wahl Corretion Factor 
to Fatigue Tests on Helical 
Compression Springs’ 


A. M. Want.? The author’s tests indicated that the limiting 
stress range for helical compression springs in fatigue (all stresses 
being calculated by using the K-factor published by the writer 
some years ago’) is higher for springs having the smaller indexes. 
The reason for this, in the writer’s opinion, lies in the fact that the 
factor K acts to some extent like a stress-concentration factor. 
Fatigue tests on specimens subjected to stress concentration indi- 
cate that (1) the stress-concentration factor applies only to the 


1 Published as paper RP-60-2, by F. P. Zimmerli, in the January, 
1938, issue of the A.S.M.E. Transactions, vol. 60, p. 43. 

2 Research Engineer, Research Laboratories, Westinghouse Elec- 
tric & Manufacturing Company, East Pittsburgh, Pa. 

3‘‘Stresses on Heavy Closely Coiled Helical Springs,’’ by A. M. 
Wahl, Trans. A.S.M.E., vol. 51, part 1, 1929, paper APM-51-17. 
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variable component of the applied stress‘ and hence the constant 
or static component may be calculated by neglecting stress con- 
centration, and (2) some materials particularly in the smaller- 
size specimens do not show the full stress-concentration effect as 
predicted on the basis of theoretical stress-concentration factors® 
determined from strain measurements, photoelastic tests, or 
mathematical analyses. 

Since practical helical springs are always under a combination 
of static and variable loading, the first of these effects means that, 
other things being equal, a higher limiting stress range (figured 
by using the factor K) would be found for springs having the 
smaller indexes. The second effect also points to the same thing, 
the difference being particularly pronounced for small wire 
diameters where “‘size effect’’ enters. 

To take these effects into account, the following method of 
calculation is suggested. This method, which is based on that of 
Soderberg,® neglects stress concentration in figuring the static 
component of stress. 

The stress-multiplication factor K is first split up into two 


where K, is a factor which takes into account the additional 
stress due to the average effect of the direct shear produced by 
the axial load on a helical spring and K, a factor which takes into 
account stress-concentration effects due principally to the curva- 
ture of the wire. Assuming the direct shear due to the axial load 
as uniformly distributed over the cross section of the wire and 
that the spring is closely coiled, the factor K, is equal to 


where c is the spring index. Thus, from Equation [1] 


K. = K/K, = K/{1 + (0.5/o)]............ [3] 


Both the factors K and K, are shown as functions of ¢ in the 
curves of Fig. 1 of this discussion. In what follows only the factor 
K, will be considered as a stress-concentration factor. 

The dashed line of Fig. 2 of this discussion shows a typical ex- 
perimental curve for failure in fatigue for combinations of static 
and variable stress. Assume that fatigue tests are made on a 
spring with a very large index (c = ~) sothat K, = 1. If we 
denote by s-’ the endurance limit for pulsating stress’ (zero to 
maximum) for a spring of large index (c = ©), then the point P 
on Fig. 2 of this discussion is determined since for this case 
the static-stress component is s,’/2 and the variable component 
s,//2. We replace the experimental curve by the straight line 
PA, drawn to intersect the axis of abscissas at s,, the yield po‘nt 
of the material in torsion. This is done since, in general, no stress 
should exceed the yield point of the material. Assume now that 


4 See discussion by R. E. Peterson of ‘‘Report of Research Com- 
mittee on Fatigue of Metals,’’ Proceedings of the American Society for 
Testing Materials, 1937. Also: ‘‘General Considerations in Designing 
Mechanical Springs,”’ part 1, by A. M. Wahl, Machine Design, vol. 
10, January, 1938, pp. 30-35. 

5 For discussion of size effect, see ‘‘Model Testing as Applied to 
Strength of Materials,’’ by R. E. Peterson, Trans. A.S.M.E., vol. 55, 
1933, paper APM-55-11, pp. 79-85. Also: ‘“‘Two- and Three-Di- 
mensional Cases of Stress Concentration, and Comparison With Fa- 
tigue Tests,’’ by R. E. Peterson and A. M. Wahl, Journal of Applied 
Mechanics, Trans. A.S.M.E., vol. 58, March, 1936, p. A-15, and the 
discussion of this paper published in the Journal of Applied Mechan- 
ics, Trans. A.S.M.E., vol. 58, December, 1936, p. A-146. 

6 ““Working Stresses,"” by C. R. Soderberg, Trans. A.S.M.E., vol. 
55, 1933, paper APM-55-16, pp. 131-144. Also: ‘‘Working Stresses,” 


by C. R. Soderberg, Journal of Applied Mechanics, Trans. A.S.M.E., 
vol. 57, 1935, p. A-106. 

7 All stresses considered here are torsion stresses. 

8 The ultimate strength in torsion could be substituted for s, if 
desirable; however, the results given by using the yield point will, in 
general, be on the safe side. 
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the spring is under a stress range from Smin tO Smax in fatigue. 
Then, using the factor K to figure these stresses, the variable 
stress becomes 


& = (8max Smin)/2 [4] 
and the static stress 
[5] 


In Equation [5] we divide by K, since this factor is included in 
the factor K which has been used in figuring smin and Smax; hence, 
to neglect stress-concentration effects due to curvature we must 


ts 


mt | | 


1.7) 


-+-4+-4 


a 


w 


FACTORS K OR K 


ji 


° 2 5 6 7 6 
SPRING INDEX C = 45 (ROUND WIRE) 


9 © th t2 13 14 15 16 


Fic. 1 Curve ror Computinec Factors K or K, or HELICAL 
TENSION OR COMPRESSION SPRINGS 


(Nore: Factor K includes both the effects of curvature and direct shear; 
factor Ke includes stress-concentration effects due principally to curvature.) 


divide by K,. Using the known equation for the line PA in 
terms of sp and s,, as given by Equations [4] and [5] we find 


Smax Smax 


This equation thus gives the maximum stress® in terms of K,, s,, 
8min/Smax, and 8,/s,’. Equation [6] may be written 


where C,, is a function of K,, 8min/S8max, and s,/s,’. Since K, is 
a function of spring index, charts may be plotted showing C,, as a 
function of Smin/Smax for various spring indexes and for given 
values of s,/s,’.. The chart shown in Fig. 3 of this discussion is 
plotted” for s,/s,’ = 1.5. Thus fora spring with an index c = 3, 
from the chart, for 8min/8max = 0.5, C, = 1.43. In this case we 
would expect fatigue failure to occur under a range from !/2 8max 
tO 8max, Where 8max = 1.43s,’. 

For spring design a factor of safety N is introduced giving (in- 
stead of Equation [7]) 


It may be shown this amounts to assuming a curve CD in Fig. 

2 of this discussion for the working stress parallel to the line PA 

and intersecting the axis of abscissas at a distance s,/N from 0. 
The foregoing discussion is based on the assumption that the 


® It is assumed that the variable component of stress is not greater 
than the static component, i.e., that only stress conditions correspond- 
ing to the line PA in Fig. 2 of this discussion are considered. 

10 “‘General Considerations in Designing Mechanical Springs,” 
part 2, by A. M. Wahl, Machine Design, vol. 10, February, 1938, p. 
37. This part of the article contains similar charts for s,/s,’ = 2 and 
2.5. 
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material is completely sensitive to stress concentration. For 
cases where the material is only partially sensitive to these effects, 
we may proceed as follows: The sensitivity to stress concentra- 
tion may be measured by introducing a “sensitivity index”’ 
q which is" 


_K,—1 


q - [9] 


where Ky, is the effective stress-concentration factor as determined 
by fatigue tests, and K, is the theoretical stress-concentration 
factor. Where the material is not sensitive K, = 1 and q = 0, 
while when it is completely sensitive K, = K, andq = 1. By 
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proceeding in a similar way as was done in the derivation of 


Equation [6], it may be shown that 
2s, 
Smin 1+ q (K, 1) 
Smax Ke 


+ 


It is seen that where g = 1 (full sensitivity) Equation [10] reduces 
to Equation [6]. For q = 0 (no stress-concentration effect) the 
denominator of this equation is in effect divided by K., which 
means that stress-concentration effects are neglected entirely, 
both for the static- and variable-stress components. The deter- 
mination of an effective value of g may best be carried out by 
actual fatigue tests. 

It will be of interest to compare the results given by Equation [6 | 
with those obtained by the author and given in Table 7 of the 


11 This quantity is discussed in the second reference of footnote 5. 
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paper. To determine s,’ the endurance limit in pulsating stress 
(0 to maximum) for a spring of large index, we use the results for 
ce = 11.9, where smin = 19,000 Ib per sq in., max = 91,000 lb per 
sq in., and Smin/Smax = 0.21. Assuming tentatively s,/s,’ = 
1.5, we find from Equation [6] that smax = 1.11 8,’ for 8min/Smax 
= 0.21. Solving, s,’ = 91,000/1.1 = 82,700 lb persqin. Since 
the yield point in torsion for this material will be around 120,000 
Ib per sq in. (or somewhat above the elastic limit in torsion), we 
may assume s,/s,/ = 1.5 with sufficient accuracy. Using this 
value of se’, and assuming the minimum values of the stress 
range, as given, the values of smax were calculated for the known 
ratiO Smin/Smax using Equation [7] and Fig. 1 of this discussion. 
Also, the limiting stress range 8max — 8min Was calculated for com- 
parison with the test values. The results are shown in Table 1 


TABLE 1 
Calculated values Limiting range 
Limiting stresses of limiting ————in stress ———— 
Spring from Zimmerli’s stresses using By test Calculated 
index -—fatigue testsa— —Equation (Zimmerli) (Equation [7]) 
3.50 14000 100000 14000 95500 86000 81500 
4.55 19000 94000 19000 96000 75000 77000 
7.00 19000 93000 19000 =93500 74000 74500 
9.10 19000 90000 19000 92000 71000 73000 
11.90 19000 91000 19000 91000 72000 72000 


a These stresses figured using the K factor. 


of this discussion. A comparison of the calculated and test 
values of limiting stress range as shown in the last two columns of 
Table 1 indicates that these values differ by only a few per cent. 
This offers some indication that the method of determining 
working stress by using Equation [6], which assumes full sensi- 
tivity to stress concentration (¢ = 1), will give results in fair 
agreement with actual fatigue tests, at least for some materials 
and wire sizes. For other materials or smaller wire sizes it may 
happen that the value of q will be less than unity; in such cases 
Equation [10] may be used. In the absence of actual test data, 
however, it is safest to use Equation [6] which assumes q = 1. 

A more complete discussion of this method of calculation will 
be given in an article now being prepared for publication. 


AvuTHOR’s CLOSURE 


Mr. Wahl’s discussion has been read with a great deal of 
pleasure, and the author wishes to thank him for the time and 
care he has given to the subject. 

In commenting on this work, it is desired to point out that Mr. 
Wahl gives two reasons why the use of his factor in unmodified 
form leads to poor predictions at low indexes. 

The first reason is that the factor K should be used as a stress- 
concentration factor and that some distinction should be drawn 
between the constant average stress and the variable stress which 
oscillates above and below this constant value. In order to 
make this distinction, Mr. Wahl points out that his original factor 
K consisted of two parts, one due to the direct shear which 
usually was neglected, and the other, a true stress-concentration 
factor, due to difference in length of stressed fibers on the inside 
and outside of the coil and the eccentricity of the center of twist. 
Only the second part really affects the actual fatigue. Therefore 
if the whole factor is used, it is bound to predict failure at stresses 
lower than actual. Since the difference which is neglected is 
worse at the low indexes than at the high ones, the prediction 
using his original factor K is also worse at the low indexes. 

The second reason given by Mr. Wahl is based on size effect 
which becomes pronounced in small-diameter wire. Mr. Wahl 
ran the tests which gave him his numerical values for K on a 
partial spring coil which had a wire diameter between 1 and 2 in., 
according to the author’s recollection. The tests, the results of 
which are given in the paper, were on wire of only 0.148 in. diam. 


687 


Small wire is less sensitive than large wire to stress-concentration 
effects. Hence his values gotten on large wire might be subjected 
to a size-effect correction which would make his values of K less 
pessimistic for the smaller wire. 

Practically all of Mr. Wahl’s discussion centers around the first 
reason, since the size effect is not something to discuss but can 
only be determined by comparative tests. For the detailed dis- 
cussion of the first reason Mr. Wahl uses the values of K given in 
his original paper? 


The top curve of Fig. 1 in the discussion represents this equation, 
and K is assumed to consist of two factors, Ks, to take care of 
direct shear and K., a true stress-concentration factor due to 
curvature, as in Equation [1], from which the relationship of 
Equation {2]follows. A spring with a load P would have a nomi- 
nal twist stress of 


[12] 


Where R = the mean radius of the coil and d = the diameter of 


the wire. This assumes twist as in a straight bar (ec = ©). The 
average direct shear stress is 
which can be written 
16PR d 
xd? 4R [14] 


This stress adds to the twisting stress at the inside of the coil so 


that 


This factor as a function 


of cis shown as the lower curve in Fig. 1 of the discussion. In the 
rest of the discussion, K-. is used only on the variable part of the 
stress. The author cannot understand Mr. Wahl’s physical rea- 
soning here, since under static loading the curvature would lead 
to a higher stress on the inside of the coil just as in varying load- 
ing. 

Fig. 2 shows a commonly used diagram for combined static and 
variable stress. The abscissa represents the average (static) load 
So. Insucha test 


By definition K, = 


Smex + Smin 


The factor K- is in the denominator since Smax and Smin have been 
calculated by using K = K.K, and K. has no importance in the 
static stress (this is Mr. Wahl’s hypothesis with which it is hard 
for the author to agree) therefore it is removed from the value of 
So which is to be used. 

The ordinates represent the amplitude (half the range) of the 
maximum variable stress S, which can be superimposed on S» 
before fatigue failure can occur. 


: 
“aie 
Me 
4o—1 0.615 
K = —— + —............... [IJ 
16PR 0.5 
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Although this relationship between S, and So gotten experi- 
mentally is a curve passing through the complete-reversal shear- 
stress fatigue limit S, at Sy = 0 and S, (the static-shear yield 
stress) when S, = 0, it can be represented approximately by a 
straight line passing through the points 


So = ry and S, = 0, So = By. 
Here S,’ is the endurance limit for a undirectional stress varying 


from zero to a maximum. 
The line PA makes an angle ¢(< PAO) with the Sp axis. 


The line PA crosses the S, axis at a value S,(max) = S, tan ¢. 
The equation of line PA is 


S,— 


S, = S, tan tan @ = (S, — So) tang = [19] 


1 

S,’ 

Using the values of S, and S, from Equations [16] and [17] this 
equation can be written 


Smax + Simin 


Smax Snin 
2 


28S, 1 cy 
:) (Swar —Snin) = 28, — (Smax + Sin). [21] 


or 
1 Swin 
K. Snax 


Therefore 


Fig. 3 shows C,, for S,/S,’ = 1.5 and for various spring indexes 
and ratios of Smin/Smax. Mr. Wahl’s calculated values in Table 1 
come from Smax = C,S,’. 

Although he mentions a factor of safety N, he evidently used 
N = 1 in his calculations. Also his “sensitivity index” is de- 
fined, but only g = 1 is used. 


The author is a little in doubt as to the value of the comparison 
between Mr. Wahl’s calculated results and his own ‘‘measured”’ 
results. The discussion boils down to a comparison of two calcu- 
lated values, neither of which is directly checked by the tests. 
For technical prediction, each method of calculation gives in itself 
comparative values and therefore until more actual measurements 
of stress are made the easier method should be used, corrected by 
experience. 
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The Design of Railway Axles and 
Locomotive Crank Pins' 


B. S. Carmn.2 The author has ably presented a variety of 
information on railway axles in this paper. The two outstanding 
problems which face engineers in this field today are: (1) How 
much should axles be derated on account of high speed? (2) 
What value can be assigned to alloy materials and special treat- 
ments, such as cold working the surface of the wheel seat? 

The derating of axles with speed must ultimately depend on 
the results of practical experience. In order to show clearly 
what this experience is, it is necessary to collect data on a great 
number of axles and to analyze it in a simple way. The results 
must be easily kept up to date with a minimum of arithmetic 
between the original data and the ‘‘calculated stress.” 

This was the object of the stress-index method referred to by 
the author. No special virtue is claimed for the formula. It 
has been used for a good many years because it was found that 
the stress-index values for axles which failed were consistently 
higher than for those which did not fail. Because the formula is 
simple and easy to apply, it has been applied to axles of a great 
many designs and has clearly shown a tendency for the allowable 
stress index to decrease as the speed increases. Based on data 
fow available on electric-locomotive axles, it appears reasonable 
to derate an axle about 25 per cent when the speed increases 
from 50 to 90 mph. This figure has been changed as experience 
accumulated and will probably continue to change. It should 
be emphasized that it applies to heavy electric locomotives. 
For cars the figure may well be different. 

The value of alloy steels is not easy to state. In many cases 
an alloy with high yield and fatigue strength is affected greatly 
by stress concentration or rubbing corrosion, so that the apparent 
improvement in properties is not actually obtained. It must also 
be remembered that an axle failure in service is due to many 
reversals of a stress which varies, due to blows and vibration. 
The effect of occasional overstress on fatigue varies with different 
steels and is a subject which urgently requires more study. 

The effect of cold-rolling wheel seats has been definitely shown 
to increase the life of axles under test conditions. The number of 
rolled axles in actual service is increasing and more conclusive 
service data may soon be available. 

The author mentions the advantages of a raised wheel seat on 
axles. A wheel seat considerably larger in diameter than the 
body of the axle has a low stress combined with a reduction in 
rubbing corrosion and in stress concentration. It appears to be 
one of the most effective features in a well-designed axle. 

The author has given a discussion of the behavior of axle- 
supported motors. It may be well to point out that this discus- 
sion assumes that the wheels hit some rigid irregularity in the 
track. Actually, the track irregularities are generally flexible 
and may only be spots at which the flexibility varies. In this 
case, the rail reaction does not increase nearly so fast with speed 
and may even approach a value almost independent of speed. 
This is probably the reason for the successful operation of axle- 
hung electric motors on the majority of very high-speed trains. 
It also seems to be a fact that the axle-hung motor is much more 
flexible than is usually calculated. The writer has run locomo- 
tives into each other under test conditions which, according to 
calculation, should have made the motor-driven wheels slip, 
due to the inertia of the motors. Actually, the wheels never 
slipped, showing that the system was more flexible and the im- 
pacts much less than calculated. 


1 Published as paper RR-60-1, by R. Eksergian, in the February, 
1938, issue of the A.S.M.E. Transactions, vol. 60, p. 153. 

2 Assistant Engineer in charge of design, Locomotive Division, 
General Electric Company, Erie, Pa. Mem. A.S.M.E. 
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It would be interesting to know the author’s opinion of tapered 
wheel seats and tapered crank pins, which are sometimes used to 
reduce the damage done to the surface metal when mounting 
wheels or pressing pins into wheels. 

One condition not mentioned in the paper is the stress imposed 
on an axle when mounting a wheel carelessly, so that the load is 
badly eccentric. It is not suggested that axles should be de- 
signed for this condition, but wheel mounting practice might in 
some cases be improved if it were realized what large stresses 
can be set up in the axle by an eccentric load. 


B. F. Lancer.’ The standard method for calculating the 
bending moment in an axle which has been used since the begin- 
ning of the century, is given by Equation [10] of the paper.' 
It is the exact solution for the bending moment in an axle under 
an assumed loading. Consequently, the actual derivation of the 
formula is above reproach, and criticism of it must be limited to 
two questions: (1) Are the assumed conditions correct? (2) 
Are the refinements of an exact solution necessary, or do the 
inaccuracies in the original assumptions make such refinements 
a case of fictitious accuracy? A large part of the paper! is de- 
voted to theoretical methods of checking the assumptions which 
means that they are at least questionable. This leads im- 
mediately to the conclusion that the minor effects considered 
in the standard formula may be neglected. 

Reduced to its essentials, a formula for calculating the bending 
moment at the wheel fit need be no more complicated than 


M = KWr + K'Wb 


where M = bendihg moment, W = wheel load, r = wheel radius, 
and b = journal overhang from center of rail; A and K’ should 
be chosen empirically to evaluate the effects of vertical and 
lateral forces in their correct relationship as determined by test 
data or theoretical study. 

Axle-design methods are badly in need of study, and a rational 
program must include (1) fatigue tests on full-size axles, (2) 
measurement of axle stresses under service conditions, (3) 
theoretical studies, and (4) a final check of stress as calculated 
by some simple rational formula against service records of axles. 

An excellent program of fatigue tests of full-size axles is now 
being carried on by the A.A.R., in collaboration with the Timken 
Roller Bearing Company. A few measurements have been made 
of axle stresses under service conditions, but many more are 
needed. The necessary instruments have been developed and 
the continuation of this work needs only the financial support of 
the railroads and supply companies, either individually or 
through their engineering associations. The fatigue data and 
the stress measurements, once they have been obtained, can be 
combined into a prediction of the probable life of any axle which 
has been investigated. A method for predicting axle life was 
suggested by the writer,‘ and gives a method of estimating the 
effect of occasional high stresses alternating with more frequent 
stress applications below the endurance limit of the material. 

It is impossible, of course, to measure the stresses in every 
type of axle. The theoretical work, to which the paper! is such 
a valuable contribution, must be used in calculating new axle 
types or axles for new types of service conditions. Neither 
theory, stress measurement, nor fatigue test is sufficient by itself, 
but the three combined can be used to form a rational basis for 
axle design. The final check against operating experience can- 
not be made by any individual, but data must be collected by 
the engineering associations. 


3 Research Laboratories, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. 

‘Fatigue Failure From Stress Cycles of Varying Amplitude,” 
by B. F. Langer, Journal of Applied Mechanics, Trans. A.S.M.F., 
vol. 59, December, 1937, p. A-160. 
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R. E. Pererson® anp A. M. Want.* The writers offer the 
following comments on the discussion of stresses in press fits 
as given by the author; on page 164 the statement is made: 
rrevelnea the endurance range is reduced when the stress variation 
oscillates on a high mean stress.” This is, no doubt, the case 
when the mean stress is tension; however, for certain carbon 
steels the limiting stress range is practically constant up to a 
mean stress approaching the yield point. For cases where the 
mean stress is compression (as is the case in press fits) there 
appear to be very little actual fatigue-test data available. 
This is probably because of the difficulty encountered in carrying 
out fatigue tests with a high mean compression stress. In certain 
instances investigators have found that it is difficult to cause 
fatigue fracture with a high mean compression stress. 

In the literature one occasionally sees combined-stress curves 
which are symmetrical with respect to steady stress, i.e., steady 
tension has same effect on endurance range as an equal amount 
of steady compression. Sometimes test points are given and 
usually the original source is J. H. Smith’s’? work, wherein 
fatigue fractures were not produced but changes in hysteresis 
loop were studied. In Soderberg’s articles on working stress,* 
test points should not be shown on the mean-compression side 
since Moore’s tests did not include this case. We must admit 
that the compression side of the picture is not satisfactorily 
established experimentally and consequently the author’s state- 
ment, quoted previously, is (together with the writers’ own as- 
sumption’) open to question. 

To find a reason for the decrease in endurance limit with in- 
creasing press-fit pressure, we may proceed as follows: 

Using the author’s symbols and assuming that the criterion of 
fatigue failure is the range of shear stress on a plane at 45 deg 
to the surface of the shaft, the range in equivalent stress may be 
written 

2c, = (kg + — — [1] 


where oa, is the equivalent variable stress, i.e., one half the range 
The mean equivalent stress on the same basis is 


o = '/2 + + — k'gog)......-. [2] 


The writers believe the term k’s should be deleted from Equa- 
tion [75] of the author’s paper, in which case the latter will 
agree with Equation [2]. 

Referring to Equation [1] of this discussion, if we assume that 
the bending stress og remains constant, it is seen that the stress 
range 2c, may be increased (1) by increasing the sum of the bend- 
ing-stress-concentration factors kg + k’, or (2) by decreasing 
op or the difference k’p — kp. If we assume, as did the author, 
that k’, is approximately equal to kg so that k’p, — kp~O, 
then from Equation [1] the equivalent stress range 2 «, would be 
approximately equal to (kg + k’s)og. However, photoelastic 
tests carried out by the writers’® indicate that kg + k’, increases 


’ Manager, Mechanics Division, Research Laboratories, Westing- 
house Electric & Manufacturing Company, East Pittsburgh, Pa. 
Mem. A.S.M.E. 

® Research Engineer, Research Laboratories, Westinghouse Elec- 
tric & Manufacturing Company, East Pittsburgh, Pa. Mem. 
A.S.M.E. 

7“‘Some Experiments in Fatigue of Metals,’’ by J. H. Smith, 
Journal of Iron and Steel Institute, part 2, 1910, pp. 246-318. Also: 
“Stress Strain Loops for Steel in Cyclic State,’"’ by J. H. Smith, 
and G. A. Wedgewood, Journal of the Iron and Steel Institute, 
part 1, 1915, pp. 365-397. 

8 ‘*Working Stresses,"’ by C. R. Soderberg, Trans. A.S.M.E., vol. 
55, 1933, paper APM-55-16, p. 135. 

®**Fatigue of Shafts at Fitted Members With a Related Photo- 
elastic Analysis,’ by R. E. Peterson and A. M. Wahl, Journal of 
Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, p. A-1. 

10 Authors’ closure to the discussion of the paper ‘‘Fatigue of 
Shafts at Fitted Members,”’ by R. E. Peterson and A. M. Wahl, 
Journal of Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, p. A-73. 
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with the press-fit pressure og, this increase being due probably 
to the higher frictional forces near the edge of the fit as op is 
increased. It is the writers’ opinion, therefore, that the de- 
crease in the endurance strength as the press-fit pressure is in- 
creased is due to the increase in the stress-concentration factors 
kp and k’, as op increases and also to the effect of increased rub- 
bing corrosion with increased og. This conclusion may also hold 
even if k’p — kp were greater than zero, as this difference is 
probably not large and an increase in og (Equation [1]) is proba- 
bly more than compensated for by an increase in kg + k’, (and 
possibly also by a decrease in k’p — kg) so that the net result is 
an increase in the equivalent stress range. Combined with the 
effect of increased rubbing corrosion as og increases, this again 
will result in a lower endurance strength. Further experimental 
work is necessary, however, if the effects of all of the variables 
in this problem are to be separated. 


G. F. Srarsuck.!! In an investigation so extensive as that 
reported by the author, it is to be expected that many details are 
controversial. 

When a car truck is negotiating a curve there is an important 
lateral force at the point of contact between the outer front wheel 
and the rail, resulting from the necessity of sliding the other 
wheels of the truck. This force is of considerable magnitude, and 
it seems that the author does not give it sufficient consideration. 
Accompanying the treatment of ‘Design Loadings on Car Axles” 
there is a footnote which says, ‘‘A portion of the dynamic-lateral- 
loading coefficient is required for overcoming friction forces at 
the wheel base,”’ but subsequent equations do not show adequate 
treatment of it. 

Another cause of bending moment in the axle is the increase in 
journal loads at the diagonally opposite corners of long or rigid 
cars entering curves with considerable outer-rail elevation. This 
has been noticeable with freight cars having very rigid bodies and 
stiff springs, and apparently can be considerable in articulated 
cars. Of less magnitude, usually, is loading due to wind pressure. 

For the typical car, at high speed, the assumption that H = 
0.4W is probably sufficient to cover these effects, but the fact 
that they do not decrease with decreasing speed and are not 
materially affected by the height of the center of gravity must 
be taken into account when drawing conclusions for other con- 
ditions. 

On curves, the journal-bearing end play will be taken up at the 
end farther from the center of track curvature, and the rail 
contact of the outer wheel will be close to the throat of the flange, 
while the contact of inner wheel will be rather remote from the 
flange. The result will be that dimension b in Fig. 1 of the paper 
will be appreciably greater for the outside journal than for the 
inside one. 

Referring to Fig. 5 of the paper, with the ordinary arrangement 
of clasp brake, the brake hanger back of the wheel is in compres- 
sion. It is only with a low-hung shoe and a small coefficient of 
friction that this hanger can be in tension. It seems that the 
arrow S’ should point in the opposite direction. In Equation 
[57 | should not the sign between the two terms of the denominator 
be plus? 

In Fig. 7 of the paper would it not be desirable to add a dia- 
gram in which the moments of diagram e are combined with 
those due to braking or traction? 

An important principle, often overlooked but amply confirmed 
by experience, is comprised in the statement: ‘The impact force 
is reduced by . . . reducing the striking angle, which amounts to 
limiting such factors as the lateral plays and flange and hub- 
liner plays.” 

Several formulas have been given for the location of the fric- 

11 Mechanical Engineer, Waltham, Mass. Mem. A.S.M.E. 
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tion center, and they are widely divergent. The problem is 
made very difficult by the conditions that the lateral play of a 
pair of wheels is not definite but depends (1) on the force that 
crowds the fillet of the flange onto the rail, (2) the coefficient of 
friction which varies among the wheels, (3) the loads are not 
equally distributed among the wheels, and (4) the plane tangent 
to the wheel and rail at the contact point may make a considerable 
angle with the horizontal. Different conditions obtain when the 
flanges of all inside wheels are clear of the rail, when the rail 
pressure at an inside wheel is just sufficient to slide the pair 
laterally, and when the wheel is so crowded by the rail as to exert 
hub pressure. 

In considering the question of giving the central drivers of a 
wheel base sufficient hub-liner play so that they are free from 
lateral reactions between the axle and the frame, the effect on 
flange wear should not be overlooked. It was once common to 
apply flangeless, or “blind’’ tires to those wheels. The practice 
was discontinued, when it was found that flange wear was re- 
duced by applying flanged tires to all wheels so that more than 
the front drivers and truck were effective in guiding the engine. 

Equation [150] seems to be based on an assumption that the 
vertical components of the tensions in the swing links are con- 
stant and always equal each to half of W, making the lateral 
restraint equal to (Wy)/l. That is, the initial incline of the 
links has no effect on the lateral restraint, which is contrary to 
experience. When cars swing too freely it is common practice 


to correct the trouble by inclining the links more. The distri- 
bution of weight between the vertical components depends on 
the relation between the spacing, length, and incline of the links, 
the height of the center of gravity, and the yielding of the springs. 

Equation [238] seems to be based on taking the vertical 
component of the force at the crank pin as the only force that 
produces the vertical acceleration of the center of gravity of the 


main rod. Pressure of the guides on the crosshead takes part 
in this acceleration, and the inertia effect of the rod on the main 
pin is considerably less than that of a weight equal to the static 
weight of the crank-pin end of the rod. The normal effect of 
the back end of the rod is not perfectly constant, but the error is 
small when considering it as equal to that of a weight equal to 
Wk?/l? placed on the pin, where W = weight of the whole rod; 
k = radius of gyration of the rod; 1 = length of the rod. 

The part of the weight of the rod which constitutes part of the 
reciprocating weight is the whole weight less that taken as con- 
centrated at the crank pin, and is more than the static weight 
of the frontend. This, of course, has a direct bearing on counter- 
balancing. The correctness of the foregoing method of compu- 
tation was demonstrated by Vaughan many years ago in a dis- 
cussion of counterbalancing at a meeting of the Western Railway 
Club.'® Great Northern Railway locomotives were then being 
successfully counterbalanced in that way. More recently it was 
shown in a paper on counterbalancing by McCall.}* 

It is the writer’s understanding that the author does not claim 
that there is any such instantaneous change of loadings as indi- 
cated by Figs. 21, 23, and 24 of the paper. The axial load in a 
rod is always to be combined with the weight and centrifugal 
force. The resultant determines the point of resultant pressure 
between the pin and the bearing. It is suggested that at the 
reversal of the axial load the point of resultant force travels 
around the pin instead of jumping across it, mitigating the im- 
pact. 

In Equation [296] should there not be added a term for the 
cranks, crank pins, and rods? 

It seems to the writer that problems in axle design, brake 

12 Proceedings Western Railroad Club, 1896, p. 27. 


13 “Cross or Simple Counterbalancing,”’ by K. F. McCall, Rail- 
way Mechanical Engineer, vol. 110, August, 1936, p. 346. 
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conditions and dynamic effects of the locomotive main rod are 
solved in practical work, more simply by graphical methods. 


AvutTHor’s CLOSURE 


The problem of axle design in railway equipment is complicated 
by the lack of sufficient experimental data on the actual magni- 
tude of loadings. Such loadings are obviously greatly influenced 
by the configuration of the running gear as well as track condi- 
tions and speed of operation. With increased speeds dynamic 
loadings become of great importance and critical conditions 
such as self-induced vibrations, may actually reverse a satis- 
factory running gear for low-speed operation to a dangerous 
running gear for high-speed operation. 

One object of this paper was to point out in a preliminary 
way a classification of the nature of the dynamic loadings, 
starting with the more elementary car-truck axles, to the more 
complicated rigid wheel combinations. On the other hand from 
the start it was appreciated that simplification in axle propor- 
tioning is necessary. While the Reuleaux method offers a simple 
static method of approach, the loading conditions are obviously 
inconsistent with the loading conditions imposed by different 
types of running gear. For this reason the essential components 
of the loadings were broken down to a loading index method, 
which with suitable coefficients can account for vertical, rolling, 
and lateral surge. In this way the dynamic loadings can be taken 
care of for any individual axle by adjusting the coefficients. 
Consideration of friction forces can also be added as suggested 
in Appendix 2 of the paper. For car axles the loading coefficients 
at high speeds more nearly approach the loading conditions used 
in the Reuleaux method. 

A large percentage of axle failures have occurred at the section 
just inside the wheel fit. Laboratory tests have indicated the 
inherent weakening of this section due to the press-fit assembly. 
For this reason a simplified loading diagram with corresponding 
stress indexes consistent with a safety margin based on actual 
failures is of special value for estimating the size for this critical 
section. 

Mr. Cain’s discussion as to the derating of axles for high speeds 
is particularly welcome. The derating values are based on 
motor axles. Motor axles are subjected to augmented impact 
and vibration loadings resulting from the dead weights of the 
motor suspension, and for this reason the derating of car axles 
can be reduced. The author suggests a derating of from 20 
to 25 per cent for speeds at 100 mph for standard A.A.R. axles, 
which appears consistent with Mr. Cain’s suggestions on the 
basis of a lower peak speed with motor axles. However, in 
agreement with Mr. Cain, further experience on high-speed 
operation is necessary before any conclusions as to a proper 
derating value can be given. 

Mr. Cain concurs with the author as to the advantages of a 
raised wheel seat. Elimination of the collar and raised wheel 
seats on standard A.A.R. axles should be particularly helpful. 
The objection of the possibility of a loose wheel does not seem 
justified with an adequate press-fit assembly and sufficient 
tonnage. 

In considering motor axle assemblies, Mr. Cain points out the 
effect of the flexibility of the track structure in modifying the rail 
reaction in passing over irregularities. Assuming'*'® an irregu- 
larity of wave length \ with a depression h to have the form 
(h/2)[1 — cos 2r(x/d)], then with a velocity V, the total de- 
flection is 


14 “Stresses in Railroad Track,’ by S. Timoshenko and B. F. 
Langer, Trans. A.S.M.E., vol. 54, 1932, paper APM-54-26, p. 282. 

18 *The Balancing and Dynamic Rail Pressure of Locomotives,” 
by R. Eksergian, Trans. A.S.M.E., vol. 51, part 2, 1929, paper 
RR-51-5, p. 54. 
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z = (h/2)(1 — cos wt) + & + & 


where w = 2rV/X, and & = the additional elastic deflection of 
the track over the static rail deflection &. With journal load 
J due to the spring suspension, m as the mass of the dead axle 
weights, and noting the rail reaction is R = C ( + &) we have 


me = —C(E+ &) +m 


Due to the low frequency of the main spring suspension, J 
remains nearly constant, then mg + J = Ci. Hence 


mz = —Cé 
where 2 = w*(h/2) cos wt +£¢; therefore 
E+ n% = —(wh/2) cos wt 
where n? = C/m and w? = 4r?V2/2; therefore, 


wh cos wt 


where ¢ = 0, € = 0, and ¢ = 0, so that the dynamic rail pressure 
is 

cos wt — cos nt 

where w = 2rV/A, andn = \/(C/m). The expression in brackets 
varies with the ratio n/w and the time t, with limits between 0 
and A/V. Ordinarily n with relatively stiff rail is large com- 
pared with w so that the bracket term is small. With increasing 
speeds w increases, and with more flexible rail w# may equal or 
exceed n. The bracket term is finite but will considerably exceed 
unity. With further increase of speeds, or with short wave 
depressions, and with further flexibility in track, the amplification 
now decreases. Thus, the dynamic rail pressure, with rail 
flexibility considered, is a complicated function of speed and also 
depends on the contour of the depression. The rail flexibility 
over an irregularity has an exactly similar effect as spring sup- 
porting the dead-weight axle masses as shown in comparing the 
second term of Equation [174] of the paper with the expression 
just given. Physically, however, the elastic constants and the 
n values are markedly different. 

Additional flexibility of axle-hung motors undoubtedly reduces 
pinion and gear reactions. In fact, the flexibility in the shafts 
and mounting can be considered as equivalent to a flexible gear 
but with a stiff torsional spring constant. If space limitations 
permit, damped flexible gears should practically eliminate dynamic 
loadings. From the author’s experience, however, the present 
axle-hung-motor suspensions have been found successful in 
high-speed service and objections to this type of drive seem 
unwarranted. 

While tapered wheel seats and crank pins have been used 
successfully it would seem that such mountings are more sus- 
ceptible to difficulties in fit with possible loosening and unequal 
gripping-pressure distribution. Large tapers on piston-rod 
crosshead fits have frequently been the cause of failures of piston 
rods due to unequal bearing and heavy gripping-pressure con- 
centrations at the end of the fit. At best, tapered-axle and 
crank-pin assemblies should be of very low order. Since such 
tapers can hardly be expected to improve the surface condition 
on mountings, the author sees no advantage in tapered fits. 
The use of tapered plugs has been suggested by Huggenberger, 
and Horger and Nelson. 

Mr. Langer raises the question of the sufficiency of the Reu- 
leaux method for calculating stresses in axles. The principal 
objection to this method is the inconsistency in attempting to 
simulate, by the use of a static-loading system, the actual 
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conditions of dynamic loadings. For instance, the roll moment 
and lateral forces from the dynamical angle are not necessarily 
consistent with a simple lateral static force applied through the 
center of gravity, which provides in common both roll moment 
and lateral force. For a rough approximation the Reuleaux 
method is justified, though such a system of loadings is hardly 
justified in cataloging experimental data. For this reason the 
author would suggest some form of differentiating the various 
loadings into components as indicated by his discussion in the 
paper on load index methods under “Design Loadings on Car 
Axles,’”* 

The formula suggested by Mr. Langer reduces to a similar 
method suggested by Mr. Cain and discussed in the paper as the 
“Stress Index Method.” It is to be particularly noted that the 
limitations of these formulas are the fact that they apply only 
to one particular section of the axle, although this section may 
be the critical section of the axle. For shaping the entire axle, 
it would therefore seem preferable to use a complete index load 
diagram separating the loadings and their corresponding re- 
actions into components. A further advantage of a subdivision 
of loadings is that it offers a way for quick modifications of such 
loadings with additional experimental data, by simply changing 
the loading coefficients. 

It seems logical that every effort should be made to obtain 
average and possible maximum loadings in order to harmonize 
with laboratory test data. It is also possible to work from 
laboratory tests, using various systems of loadings and noting 
failures, or the starting of fractures. From such data and road 
failures actual loading conditions can be estimated. 

The author agrees with Mr. Langer that a combination of 
laboratory and field data combined with theory is necessary, 
and that the final check against operating experience requires 
full cooperation from many sources in order to obtain sufficient 
statistical data. 

The comments on the press-fit problem by Messrs. Peterson 
and Wahl are also particularly valuable due to their authoritative 
position in this and allied fields. The question of endurance- 
range reduction with high superimposed compression stresses 
appears to be a matter of further study and experimental research. 
One factor that might be pointed out is that the effect on range 
of stress has been postulated on shear stresses. If failure under 
oscillating loadings were ultimately due to shear failures with 
mild steels, the situation as to compression and tension would 
appear to be more indifferent. 

The term kz’ in Equation [75] of the paper is a misprint that 
was overlooked and obviously should be deleted. Messrs. 
Peterson’s and Wahl’s comments as to (kg + k,’) increasing with 
press-fit pressure cp is of interest. This amounts to an increase 
of stress range, lowering the endurance strength with increased 
gripping pressures and rubbing corrosion. 

The author appreciates the interesting points discussed by 
Mr. Starbuck. The writer has raised the question of an adequate 
treatment of friction forces at the wheel base. This matter was 
considered of sufficient importance to outline completely the 
nature of these forces under ‘Friction Forces and Lateral Re- 
actions With a Rigid Wheel Base.’”’ Equations [192] to [197] 
discuss the necessary relations, whereas Equations [198] to 
[209] include both dynamic and lateral friction loadings. Fur- 
ther discussion of friction forces with dynamic loadings are 
included in ‘Impact Loadings With Rigid Wheel Bases,” where 
the superposition of dynamic and friction loadings is given in 
Equation [213]. In the opening of the discussion of the Reu- 
leaux method for designing car axles, footnote 2 of the paper 
calls attention to Appendix 2, where the effect of friction forces 
on the bending moment diagram is discussed. Reference to 
self-induced vibrations requires a careful consideration of the 
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nature of the friction or creepage forces at the wheel tread. 
For a more detailed discussion of this subject, the writer is re- 
ferred to previous papers" by the author where tread and flange 
contour and the effect of flange and hub-liner plays are discussed. 

The Reuleaux method applies more strictly to car axles where 
heavy lateral forces are imposed on relatively short wheel bases. 
The effect of friction forces for such, are of small order compared 
with those in a long wheel base. Further, the friction resistance 
at the inner tread is relatively small due to the reduced wheel 
pressure. The lateral reaction includes the friction force at the 
outer tread. On the other hand, a leading or trailing axle in a 
rigid wheel base requires further consideration of the entire 
system of forces on the wheel base as discussed in the paper! 
under “Friction Forces and Lateral Reactions With a Rigid Wheel 
Base.” For the loading coefficients and possible modification 
of the bending-moment diagram, consideration should be given 
to Appendix 2 of the paper. It is important to point out, that 
at low speeds around sharp curves with long rigid wheel bases, 
the Jateral reaction Yo exerted by the inner rail on the rear or 
next to the rear driver, usually exceeds Jateral reactions on the 
front drivers at the outer rai] except at very high speeds. This 
is due to the guiding constraints of the trucks and the friction 
forces in the rigid wheel base. In steam locomotives, the rod 
Joadings are the criterion for axle proportions. For end drivers, 
however, superimposed lateral reactions should be taken into 
consideration. 

The author cannot concur with Mr. Starbuck as to increase 
of bending moments over the usual tracking conditions for 
articulated cars on entering curves. The loadings per truck 
always consider both ends of the articulation. The effect of 
outer-rail elevation on twisting the car body and thereby chang- 
ing the end-articulation loadings are negligible with spring 
suspensions used in modern equipment. Actual experimental 
data verify this statement. 

The refinement suggested in the modification of dimension } 
in Fig. 1 of the paper due to shifting of wheels and rail contact 
toward the flange throat is hardly justified considering the ap- 
proximation of the loadings. 

The direction of the arrow S’ for the trailing hanger of the 
clasp brake analysis is immaterial since numerical results will be 
negative if in compression. Actual computations, however, 
show S’ to be in tension for maximum changes in journal loads. 
These occur at the higher speeds with heavy brake-shoe thrusts. 
The coefficient of friction between shoe and wheel is low. Due 
to the suspension of shoes below the center line of the axle, the 
heavy normal thrust pulling down on the hangers overbalances 
the upward effect due to the friction between shoe and wheel. 
When shoes are suspended along the horizontal center line of the 
axle, obviously S’ is in compfession, The tension found in S’, 
with lowering of the shoes, is relatively small compared with S. 
The sign in Equation [57], between the two terms in the de- 
nominator, is a misprint and should be plus. 

In a more refined analysis, it might be desirable to include in 
Fig. 7 of the paper the moment diagram due to braking and 
traction loadings. However, since these loadings on the axle 
are in the horizontal plane, when compounded with the vertical 
moments, they can usually be neglected. Moreover, maximum 
dynamic loadings and braking are not likely to occur simul- 
taneously. 

Generally, the friction center of a long rigid wheel base is 
determined geometrically but depends upon both flange and hub- 
liner plays as shown in Equation [197] of the paper. The effect 
of traction or unequal wheel loadings across the axle may shift 
the friction center laterally. The subject of striking angles 


16 ‘Static Adjustment of Trucks on Curves,” by R. Eksergian, 
Trans. A.S.M.E., vol. 42, 1920, pp. 901-955. 
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against the outer rail changes the flange contact particularly 
with long wheel bases and is a major cause of flange wear on 
leading axles. Rear drivers with inside lateral forces run prac- 
tically tangent to the inner rail, and therefore, in spite of heavy 
lateral forces on sharp curves, are very little subjected to flange 
wear. 

The object of giving central drivers in a wheel base additional 
hub-liner play was to increase the critical nosing speeds of the 
running gear. However, from the flange-wear aspect, that is, 
for operation on curves at low speeds, the same condition should 
be helpful in reducing flange wear. Very often, however, we 
are limited in such plays by the fact that end drivers are given 
additional lateral play for improved tracking with long wheel 
bases, which in effect give more leading and trailing axles for 
guiding. Further, main drivers on steam locomotives are limited 
on lateral plays by the driving-rod mechanisms. The author 
concurs with Mr. Starbuck that the elimination of blind tires 
for central drivers results in reduced flange wear. 

The first part of Equation [150] of the paper gives the exact 
Jateral force for lateral swing-link bolster trucks. With longer 
hangers now used on modern equipment, the lateral force becomes 
practically linear with the lateral displacement as can be shown 
by plotting actual swing-link proportions. Actual measure- 
ments on equipment manufactured by the company with which 
the author is associated show that this is not contrary to ex- 
perience. A more comprehensive discussion of the swing 
hanger loadings and other items raised is given in a previous 
paper." 

Mr. Starbuck evidently misunderstands the resolution of 
forces acting on the main rod. The reaction at the crank pin 
is the vector sum of Usjj2, Uetz, S,and K. The vertical and hori- 
zontal components are 


Y: = Kcos@—S sin @ + X2 = K sin — S 


The reaction at the crosshead is the vector sum of 11, S, and 
K. The vertical and horizontal components are 


Y: = Ssing— Kecos¢, Xi = Scos¢+ wi: + Ksing 


The sum of the vertical components at both ends, i.e., Y2 + 
Y,, from first principles, is equal to the vertical acceleration of 
the center of gravity of the main rod. Obviously the K and 
S components cancel in so far as vertical effects are concerned. 
Therefore, the resultant vertical forces, considering all compo- 
nents at both ends is simply uajjz2 = m,(h/l)ij2, which is the ver- 
tical acceleration of the main rod times its mass. It is to be 
noted that j, is not the vertical acceleration of the center of 
gravity of the rod. It is the vertical component acceleration at 
the crank pin. In like manner, the horizontal acceleration of the 
center of gravity of the rod is 


Xi + X2 = wei + = + — 41) (A/D) 
The angular motion of the rod is 


— h)cos ¢ — Y;h cos ¢ — X2(l — h)sin ¢ + sin = 
mk? 
which reduces to Equation [239] of the paper from which K 
is determined by Equation [242]. 

It is to be noted that these equations are exact for uniform 
rotation of the crank and neglecting friction at the pins, with the 
degree of approximating the accelerations. For a more ex- 
tensive comparison of various methods, reference is given to 
previous papers by the author.'® 


17**The Design of Lightweight Trains,’ by R. Eksergian, Trans. 
A.S.M.E., vol. 56, 1934, paper RR-56-4, pp. 667—701. 
'8“*The Balancing and Dynamic Rail Pressure of Locomotives,” 
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It is difficult to see the physical justification of the formula 
Wk?/l? for an equivalent inertia mass at the pin. Strictly this 
only applies to the vertical throw assuming the crosshead fixed, 
so that it could only apply near the 90-deg position of the crank. 

No additional terms are needed in Equation [296] of the paper 
since the kinetic energy of the rod is reduced to equivalent masses 
at the crosshead and crank pin, the latter weight being included 
as a rotating weight in the wheel center. The rotational effect 
of the counterbalance is also included in the wheel center but 
due to eccentricity of the wheel center, its translation effect 
must be considered. The mass m, represents the additional 
counterbalance for reciprocating parts, over and above that 
required to balance the revolving weights and accounts for the 
eccentricity of the wheel center. Its rotational effect, however, 
is still included as part of the rotational inertia of the wheel 
center. 


An Experimental Investigation of the 
Use of Oil for the Treatment 
of Coal’ 


R. H. Minprarx.? One of the major investigations under- 
taken in this program is that of dustiness determination. It 
was necessary for this research to choose some method of test 
which could be satisfactorily used in the laboratory. After due 
consideration, the procedure and equipment as developed by 
Powell and Russell were selected as being the best available for 
the purpose. Experience with the dustiness test has led to the 
conclusion that the results are reproducible and simulation of 
domestic delivery conditions is obtained. It is therefore sug- 
gested for the immediate future that any agencies contemplating 
dustiness tests of solid fuels use the same method as employed 
at the Battelle Memorial Institute. This will make possible a 
valuable comparison for all concerned. Also, it is believed that 
the treatment of coal to render it dustless has progressed to such 
a point that thought should be given toward setting up some 
standard dustiness test. 

In Table 3 of the paper, the properties of the several spraying 
materials are listed. Particularly as regards plant operation, 
the important physical characteristics of petroleum spray prod- 
ucts are viscosity and pour point or melting point. Both fac- 
tors affect the handling and spraying of the product to such a 
degree that some discussion is warranted at this time. Fig. 1, 
herewith, shows the viscosity-temperature characteristics of 
several of the materials being used in this research. The vis- 
cosity of the petrolatum is shown as a dotted line below 131 F 
since it is a solid below this temperature. It is interesting to 
notice the marked decrease in viscosity of the several agents as 
temperature is increased. As the viscosity of the petroleum 
products is lowered, the handling and spraying difficulties are 
minimized because of the fluidity of the material. In fact, it 
would not be possible from a practical standpoint to handle or 
atomize the 600-viscosity oil and petrolatum without resorting 
to heat. The same applies in general to the lower-viscosity oils 
except that one type of system is designed to handle these low- 
viscosity products cold under fairly high pressure. Atomization 
is obtained by impact of the jet, issuing from a thin-plate orifice, 
on a ball or cone diffuser. Where heat is used, the temperature 


by R. Eksergian, Trans. A.S.M.E., vol. 51, part 2, 1929, paper 
RR-51-5. Also: ‘Dynamic Analysis of Machines,’’ by R. Eksergian, 
Journal of The Franklin Institute, vol. 209, April, 1930, p. 81. 

1 Published as paper FSP-60-6, by R. A. Sherman and J. M. Pilcher 
in the February, 1938, issue of the A.S.M.E. Transactions, p. 97. 

? Engineering division, Standard Oil Company of New Jersey, 
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of the spraying fluid should be such that the viscosity will be 
in the lower flat portion of the curve. See Fig. 1. 

The pour point or melting point of the product is important if 
temperatures in the system may be low enough to cause the 
spraying fluid to solidify in the tanks, lines, and nozzles. It is 
necessary, therefore, to use a material which remains fluid at all 
expected atmospheric temperatures or employ a spraying system 
which will handle the petroleum product in any condition. 
Normally, it is simpler to use the fluid oil; however, recent 
developments have started a trend toward higher-viscosity oils 
and materials with comparatively high pouring or melting 
temperatures. 

The authors discuss the difficulty which has been experienced 
with certain midwestern coals in obtaining a suitable degree of 
permanence using the lower-viscosity coal-spray oils. This has 
stimulated an interest in the higher-viscosity products not only 
for midwestern low-rank coals but for the higher-rank eastern 
coals as well. It is not intended to discuss the merits of this 
trend since it has not yet been demonstrated whether the high- 
viscosity products will show a noticeable increase in effectiveness 
on eastern coals. However, it is suggested that any coal com- 
panies contemplating the use of high-viscosity oils or petrolatum 
be prepared to meet the handling and spraying problems of these 
viscous products. Such materials require careful attention 
during application if satisfactory results are to be obtained. At 
least one equipment manufacturer is working on a system for 
spraying these materials and field results should be available in 
the near future. 

Undoubtedly, there are certain petroleum products which will 
give the best results from a standpoint of dust reduction and 
permanence on the various types of solid fuels. It is hoped that 
the excellent services of the Battelle Memorial Institute may be 
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employed during the coming year to assist in solving this and 
other yet unanswered problems. 


H. H. Morris.’ In the authors’ progress report they state 
that, “Cleanliness is a characteristic that is desirable in any fuel.’’ 
In this statement the writer concurs. 

In discussing the findings of the progress report, it is felt that 
attention should be called to the vacuum-distillation curves 
shown in Fig. 5. These curves show the rate of distillation for 
100- and 200-sec-viscosity oils with a change of temperature at 
a pressure of 10mm Hg. It will be noted that rather wide dif- 
ferences in characteristics of the oils are encountered at the 
higher temperatures. However, and this is felt to be important, 
the report states that “because the rate of distillation is so low at 
atmospheric temperatures, it is apparent that the rate of evapo- 
ration of any of these oils would be extremely low.” As a prac- 
tical matter, it is this latter conclusion that should be of interest 
rather than emphasis being placed on the “differences in char- 
acteristics” obtained in the laboratory under conditions that are 
not encountered in the practical application of the oil in the 
field. 

In Fig. 6 it is noted that tests were run at a room temperature 
of 77 F. Obviously, in practice, temperatures lower than 77 F 
are encountered and therefore, it is suggested that further tests 
be run in atmospheric temperatures of zero and below, to deter- 
mine the varying temperatures of the preheated oil in relation 
to its distance from the nozzle. 

It is of interest to note that the authors, under the title of 
“Rate of Cooling of Atomized Oil,” state that one school of 
thought contends that “heated oil creeps better over coal and 
gives more uniform coverage than does cold oil.’’ However, as 
all tests were run with oil heated to 200 F, it is suggested that oil 
at a lower temperature be used in order to verify this contention. 

Two kinds of coal have been used in the tests, and as they are 
distinctly different, they present a splendid opportunity to in- 
vestigate what grade of oil is most efficient for the treatment of 
each type of coal. 

The writer believes it is accurate to state that previous to the 
tests at Battelle, it was the general consensus of opinion that all 
oils that were suitable for dustproofing one bituminous coal, 
would have the same efficacy on all types. The fallacy of this 
opinion is conclusively shown by the report. 

After some important comments on the different ranks of 
bituminous coals, the report states that coals of the rank of those 
mined in Illinois appear to have cracks into which the oil will 
creep rather than remain on the surface of the coal. To those in 
the petroleum industry it is well known that oils such as the 100- 
and 200-viscosity oils used in the tests have greater character- 
istics of penetration than some other available heavier petroleum 
products. 

Figs. 13 and 14, being curves of the “Relation of Dustiness 
Index’”’ for coarse and float dust, respectively, to the amount of 
oil or petrolatum applied, show that a 600-viscosity oil and a 
petrolatum with a melting point of 130.6 F are much more ef- 
fective for the treatment of dry Illinois coal than was the 200- 
viscosity oil on the identical dry coal. Although in the same 
figure a curve is drawn for “wetted” Illinois coal when treated 
with a 200-viscosity oil, it is my belief that curves for 600-vis- 
cosity and petrolatum should be obtained for “wetted” Illinois 
coal. 

Attention is called to the fact that the report shows the re- 
sults for only one test made with a 600-viscosity oil and only one 
test run with petrolatum. Results so far obtained indicate that 
both these products are far superior for the treatment of Illinois 

3 Acting Manager, Coalkote department, Sun Oil Company, 
Philadelphia, Pa. 
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coals than are lighter oils. However, the writer believes that in- 
sufficient data are at hand to permit reaching any definite con- 
clusion as to whether the 600-viscosity oil or the petrolatum is 
more efficient. 


C. G. Scuantz.‘ One anthracite may be more of a dust pro- 
ducer than another when subjected to handling of any kind. 

Coal which is somewhat flat in fracture, due to its source 
having been subjected to a sliding action during formation, has 
more of a tendency to friability than cubically fractured coal. 
However, the number of ounces of dust per ton which might be 
obtained from any anthracite is much less than that which 
would be obtained from bituminous coal under similar handling. 

There have been several complaints from dealers about the 
dust problem they were having, but upon investigation it has 
been found that the majority of the dust could have been elimi- 
nated by improved methods of handling the coal in the yard. 

Oil-treatment tests have been run on a loaded car of chestnut 
coal, to learn the possibilities of dust proofing and rust and freeze 
prevention. 

One thing was noted regarding the dust particles which ad- 
hered to pieces of treated chestnut coal on the top of a car. 
After 24 hours of standing unprotected outdoors, including 4 
hours of rainy weather, dust particles fell or were washed off the 
pieces of chestnut coal and collected about two or three inches 
deeper in the car. 

Large quantities of rain falling upon a car of prepared chestnut 
coal washes dust particles through the car and out of the holes 
or cracks in the pockets in the bottom. This same action can, 
of course, be accomplished by washing the tops of the cars with 
a heavy stream of water. 

When sun beats upon treated coal, it seems to bake the oil film 
so it can easily be discerned by its brownish tint when compared 
with fresh, bright, untreated coal. 

Great care must be taken when coal is treated with oil, to be 
sure that an excess of oil is not used. Aside from the cost feature, 
it may be tracked over the cellar floor, and possibly into the 
living quarters of a house. 

Oil treatment will undoubtedly add a small percentage of heat 
value to the coal. The addition of inorganic chemicals, on the 
other hand, is of questionable value, from the point of increased 
heating value, or improvement of the combustion of the coal. 

As for rust, treated chestnut coal lying directly against the 
sides or bottom of a railroad car rusts to some extent after having 
lain in that position for several days. 

Studies have been made of slagging, clinkering, or matting of 
anthracite-fuel beds in connection with the use of quite a number 
of so-called deslagging chemicals. The boiler tests which were 
run on treated and untreated samples, using various compounds, 
were run under conditions simulating those practices found in 
domestic heating plants. When calcium chloride was added to 
the coal, its corrosive action on metallic boiler or stoker parts was 
noted; and when burned under boiler-test conditions the clinker- 
ing action was not changed to any appreciable extent in so far as 
the number of clinker masses or their weight was concerned. 
However, the slagging action in separate pieces was greater than 
could be noted in the clinker masses obtained from combustion 
of the untreated coal. 

The greatest effect occurring when the coal is treated with a 
large percentage of calcium chloride or other similar compound, 
is in the collection of the chemical in the bottom of the bin which 
causes an accumulation of the salt on the remaining pieces of 
coal. When the last few shovelfuls of coal are fed into the 
heating plant the accumulation of salts is also added. The hot 
ashes within the fuel bed will then form a mass of fused material 
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which is heavy, compact, and absolutely impervious to the in- 
filtration of air. 

The test data have indicated several conclusions to date. Oil 
treatment of anthracite coal shows little effect of a dust-proofing 
nature. Due to the large quantities of water used for wash pur- 
poses, oil has very little nonfreezing effect, whereas calcium 
chloride, in salt form, put on the top of a car of coal, does lower 
the freezing point. When calcium chloride, or any compound 
with a like base, is used in comparatively large quantities, clinker- 
ing is increased. 


L. D. Scumipr. The paper is a timely one because of the 
rapid increase in the practice of oiling coal to lessen dustiness. 
The authors have made a real contribution toward putting dust- 
prevention treatment of coal upon a sound basis, while at the 
same time the results they report have much practical importance. 
For example, the shape of the curves showing the rate of decrease 
of dustiness with increasing amounts of oil should be of practical 
importance in ascertaining the optimum amounts of oil to be 
applied. Since succeeding amounts of oil result in smaller and 
smaller decreases in the dustiness index, there should be a fairly 
definite point beyond which it is uneconomical to go. However, 
one must also consider the striking lack of permanence in ef- 
fectiveness when less than two quarts of oil per ton were applied. 
This lack of permanence is well illustrated in Fig. 16, where Island 
Creek coal treated with 1.11 quarts showed an initial float-dust 
index of 5 g per ton, and after 6 months the index had risen to 
29 g per ton or almost sixfold. 

With regard to the variation of effectiveness with viscosity of 
the oil, the results show clearly that with these coals more of 
100-viscosity oil must be used to obtain a decrease of say 80 per 
cent in dustiness than if 200-viscosity oil were used. However, 
care should be exercised in deciding the ratio of effectiveness of 
these two oils because of the size of the experimental error ap- 
parently involved in the method for determining dustiness. 
Putting them at their worst, the data in the table labeled “Agree- 
ment Obtained in 141 Duplicate Determinations” indicate that 
in 11 per cent of the tests, duplicate tests did not check within 
20 per cent of each other. For the purposes of illustration, take 
the data in Fig. 7 and calculate the effect of an error of 10 per cent 
in the dustiness index. The value for the relative effectiveness 
of 100- and 200-viscosity oils at 80 per cent reduction in dustiness 
is affected considerably. Instead of about 50 per cent more 100- 
viscosity oil being needed to give an 80 per cent reduction in 
dustiness, only about 28 per cent more 100-viscosity is required. 

While speaking of errors in the method of measuring dustiness, 
the writer would like to ask the authors whether appreciable 
quantities of dust adhere to the walls of the cabinet, and, if so, 
whether oil on the coal, especially high-viscosity oil, increases 
the amount clinging to the walls. 

It would be interesting to determine exactly how much 0 to 
1l-micron dust there was in a given sample of coal in order to 
put results on something more closely approximating an absolute 
basis. The absolute quantity of dust might be determined by 
elutriation methods. Lacking these data and as a matter of 
curiosity the writer made some calculations using the screen 
analysis on 0 to 1*/:-in. Island Creek coal given in Table 1. If 
the screen analysis is plotted the results show that the size dis- 
tribution follows Rosin’s law® quite closely for the sizes under 
3/,in. The distribution constant n was 0.766 and the absolute- 
size constant z was 38.9mm. Extrapolating the straight line to 
1l-micron size it is found that Rosin’s law predicts 1740 g of 


5 Associate Chemist, Central Experiment Station, Bureau of Mines, 
Pittsburgh, Pa. 

6 “Broken Fuel,’”’ by J. F. Bennett, Journal of the Institute of Fuel, 
vol. 10, 1936, pp. 22-39; 105-119; 210-212. 
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float dust per ton of coal. The authors found only about 2 per 
cent of this amount on the float-dust slide. These figures are 
very approximate, but they bring up the question whether oil 
is added to coal to bind or fix only this 2 per cent of the total 
amount of dust. This viewpoint seems to be confirmed by the 
fact that, as shown in Fig. 12, the dedusted coal showed almost 
as large a dustiness index as the original coal. 


E. H. Scumirz.?. The writer wishes to take this opportunity 
of complimenting the authors on the excellent work that they 
have done on this subject, which has become of increasing im- 
portance to the producers and consumers of bituminous coal. 
From a broad viewpoint, the problem of the treatment of coal to 
reduce the dustiness is one which must be studied quite carefully, 
and it is believed that experimental work in the laboratory is the 
only way of arriving at a solution. 

The writer’s viewpoint of the problem is taken from the dock 
operators’ standpoint of the unloading of boatloads of coal at 
tidewater dock facilities into field storage. The treatment of 
coals to eliminate as much as possible the dust in mechanical 
handling of this nature started some years ago and consisted 
primarily of the use of water as a dust-laying medium. The 
large coal-loading piers at the railroad terminals are at present 
equipped to sprinkle the coal with water as it is dumped from the 
railroad cars into the vessels, and the percentage of added water 
can be controlled at these points to obtain reasonably dustless 
unloading. Because of variables in unloading, such as wind and 
storage-pile conditions, the dock unloading equipment has, in 
most cases, been equipped with water sprays to give an additional 
reduction in the dust originating from the unloading operations. 
The addition of water, however, has its drawbacks, especially 
when the coal is to be used in unit-system pulverized-coal plants, 
or in boilerhouse bunkers and chutes, where free flowing is of 
primary importance. 

Application of oil at the mines, has been of some benefit, and 
it has been found generally from experience rather than actual 
engineering knowledge, that the use of from 4 to 6 quarts of oil 
of 200-sec viscosity at 100 F has been reasonably satisfactory. 

It is noted that, in their experimental work, the authors have 
duplicated, in so far as possible, the treating procedure at the 
mines. In other words they have sprayed the oil from nozzles 
set in front of and facing the coal stream, in the same way that 
the mines arrange their nozzles at the end of the loading boom. 
It is suggested that part of the problem of the effectiveness of oil 
treatment is in the method of application of the oil to the coal, 
and it is the writer’s feeling that experimental work on a treating 
apparatus might show results of improved dustiness factors with 
less oil used. Possibly, if the surface exposed in various sizes 
of coals could be correlated with the size of the droplets in the 
atomized-oil stream and if, by improved spraying methods or 
mechanical mixing, a more intimate mixture of the coal and 
sprayed oil could be obtained, the effectiveness of the treatment 
would be increased materially. Due to present application sys- 
tems and the irregularity of coal movement on the loading boom, 
much could be done in determining the most effective method 
of treatment, which would be of great assistance to the industry. 

From a cost standpoint, this would also be most helpful, for 
if the equivalent effectiveness of treatment could be obtained by 
using smaller quantities of oil, it naturally would reflect lower 
costs to the industry and to consumers. In designing equipment 
for this type of treatment the limitations of the loading booms 
must be considered if the treatment is to be done at the mihes. 

Attention is called to the possibilities of studying the effective- 
ness of treatment with regard to the dock unloading problems of 
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height of drop of the coal, wind velocity, resistance of the treated 
coal to moisture accumulation, and penetration of rainfall in 
piles of treated and untreated coal. It can properly be said of 
course that this phase of the problem belongs to the dock oper- 
ators themselves; however, the absence of laboratory equipment, 
the size of the storage piles which make adequate and accurate 
sampling difficult, and the size of the facilities in question make 
research at these points so costly and results so varying as to be 
almost valueless. 

The writer has treated the discussion of this paper in the light 
of its presentation as a progress report and of course does not 
know what the authors have in mind as additional research work 
to be done. The suggestions of apparatus for treatment and the 
problems concerning the docks, therefore, are made to indicate 
possible future work. To these might be added the study of the 
effect of oil treatment on the free flowing of coal. 

Experience has indicated that oil-treated coal is easier to handle 
mechanically in the power plant. It has been found that oil- 
treated coals having about the same moisture content (as _re- 
ceived) as untreated coals are more free-flowing in bunkers, 
chutes, hoppers, and feeders. Here it might be interesting to de- 
termine actual oil quantities needed to accomplish the best results. 
The increased use of pulverized-coal equipment with the attend- 
ant feeder problems provides a growing field in which designers of 
equipment need all the information possible to assist them. 

In closing, the writer believes that there is one more possi- 
bility of solving this problem of the dust treatment of coal. It 
would seem that there must be some form of chemical product, 
a by-product or a new product of the chemical industry, that 
could be used for this purpose. The enlistment of the chemical 
societies and their research engineers to study this matter might 
result in the development of a low-cost chemical that would give 
the same or even better results than are now obtainable with the 
oil groups. 


CLOSURE 


The suggestions and ideas advanced by the discussers are 
most welcome, especially since the paper is a progress report and 
the investigation is being continued. 

The suggestions made by Messrs. Milbrath and Morris that 
additional tests be made with the heavier petroleum materials 
on eastern as well as mid-western coals are now being considered 
and experimental work is under way. This includes the appli- 
cation of cold as well as hot oil and the treatment of ‘‘wetted” 
Illinois coal with the 600 viscosity oil and petrolatum. 

The studies of the effect of oil-treating chestnut coal presented 
by Mr. Schantz are particularly interesting in that they give 
information concerning handling of treated coal on a car-load 
scale and present data on the corrosion and on the collection of 
fine coal which must necessarily be studied on a large scale. 
Additional data for the effect of oil treatment on the handling 
characteristics of coal and its free flow, which can be obtained 
more readily by producers and industrial consumers, are desired. 

With reference to the question raised by Mr. Schmidt as to 
whether appreciable quantities of dust adhere to the walls of the 
cabinet during the dustiness test, the dust was swept down from 
the sides recently and weighed for a series of samples treated with 
a 200-viscosity oil. The indication from this brief study was 
that such a procedure raised the entire dustiness curve to an 
appreciable extent, but did not greatly affect its slope or relative 
position. The inside of the cabinet is, of course, wiped clean 
and free from dust between tests. 

The study of the effect of oil treatment on the free flowing of 
coal, as mentioned by Mr. Schmitz, is being studied in the labora- 
tory with the aid of a small bunker model. 


j 
ae 
* 
4 
{ 
Re | 
ape 
| 


Natural Frequencies of Uniform Cantilever 
Beams of Symmetrical Cross Section 


By LYDIK S. JACOBSEN,' STANFORD UNIVERSITY, CALIF. 


During the last ten years numerous observations of 
vibrational periods of buildings have been made, especially 
by the Seismological Division of the United States Coast 
and Geodetic Survey in California. Even before the re- 
sults of these observations were available it was recognized 
that the factors influencing the periods of buildings are 
many and involved, and that a rational approach to the 
problem must necessarily ignore a number of the factors. 
The debatable question has been, and perhaps still is: 
Which of the factors must not be ignored? 

If the discussion be restricted to apply to multistory 
buildings of relatively symmetrical plan, there is a tempta- 
tion to consider the buildings cantilever beams planted in 
or on an elastic ground. However, a multistory building 
is not necessarily a slender structure. For this reason the 
degree to which flexural and shearing distortions of the 
cantilever beam representing the building assume im- 
portance for the period determinations is not obvious 
quantitatively. Similarly, the type of ground deformation 
or elastic yielding that must be considered varies with the 
slenderness of the building as well as with the type of 
foundation and ground. 

The present study attempts to show that a rational 
treatment of the problem becomes greatly involved and 
therefore impractical if too many factors have to be taken 
into account. Moreover, the study enables the investi- 
gator to form an intelligent estimate of the relative im- 
portance of the influence on the periods of the factors that 
he is forced to neglect. 


ATURAL frequencies of beams are usually calculated on 
N various simplifying assumptions. Thus, for slender beams 

only flexural distortions, produced by the dynamic bend- 
ing moments, are considered. Moreover, the loading is usually 
assumed to be of the translational type only. Rayleigh’ intro- 
duced in addition to the translational dynamic loading the one 
due to rotation of the sections of the beam, commonly referred 
to as rotatory inertia. Timoshenko? was the first to consider the 
effect of shearing force on the frequencies of beams; he solved 
the particular case of a beam simply supported on rigid supports. 
Novotorzev,* using energy methods involving successive approxi- 
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mations calculated the combined effect of shear, rotatory inertia, 
and longitudinal elasticity on the fundamental mode frequencies 
of specific cantilever beams as well as of simple bents. His 
results for a rigidly built-in cantilever with a length-to-depth 
ratio of 4.56 show that shear produces a lowering of the fre- 
quency of 3.3 per cent from that which is obtained by the simple 
flexural translational theory, and that the combined effect due 
to shear and rotatory inertia amounts to a decrease of 4.2 per 
cent in the frequency. Timoshenko and Novotorzev agree that 
the effect due to shear is about four times greater than the one 
due to rotatory inertia. 

In regard to the higher modes of vibration, the effects of shear 
and rotatory inertia increase with the order of the mode, so that 
for high-order modes better approximations are obtained by 
considering frequencies due to shear alone rather than due to 
flexure alone. 

This paper attempts to develop the general partial-differential 
equation of motion of a uniform, symmetrical bar, considering 
flexural as well as shearing distortions, and translatory as well 
as rotatory inertia. The solution of this equation is then found to 
be given by the product of a harmonic time function and a space 
function involving two concurrent space frequencies for each 
natural time frequency. The paper applies the general solution 
to a cantilever beam, elastically constrained for translation as 
well as for rotation or tilting at the built-in end. The ensuing 
frequency equation is greatly involved, but it reduces to simpler 
equations for a number of specific cases in which the effects of 
some of the factors have been neglected. Tables and examples 
illustrating a few of the cases have been included. 


NOMENCLATURE 


z = longitudinal coordinate of beam, in. 

y = transverse dynamic displacement of beam, in. 
y, = shear component of transverse dynamic displacement, in. 
y, = flexural component of transverse dynamic displacement, 


in. 
¥ = rotational dynamic displacement of beam, radians 
t = time, sec 
w/g = mass of beam per unit length, lb sec? per in.? 
j/9 = dynamic moment of inertia of cross section per unit 
length, lb sec? 
I = moment of inertia of cross section of beam, in.* 
A = cross-sectional area of beam, sq in. 
s = shear-deflection coefficient, dimensionless 
E = modulus of elasticity, lb per sq in. 
G = modulus of elasticity in shear, lb per sq in. 
V = shear in beam, lb 
M = moment in beam, lb-in. 


a? = at shearing constant of beam, sec* per in.? 
2 = a flexural constant of beam, sec* per in.* 


= a rotary constant of beam, sec? per in.* 


(a? beam parameter, sec 
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p = time frequency of beam, radians per sec 

q = trigonometric space frequency of beam, radians per in. 
r = hyperbolic space frequency of beam, radians per in. 
K = translatory rigidity of support or ground, lb per in. 

k = tilting or rotatory rigidity of ground, lb in. per radian 
w 
gK 


T= 


translatory yielding of ground, sec? per in. 


w 
t= ok tilting or rotatory yielding of ground, sec? radians 


per in.® 


¢= “ tilting or rotatory yielding of ground, sec? radians 


per in. 
4 
(a? + y?) 
P 


r? + 


r2 + ap? 
rotatory parameter, in.~? 


DEDUCTION OF THE DIFFERENTIAL EQUATION 


It will be assumed that the principle of superposition is valid 
so that the simple theories of shear and flexure may be applied. 
The following elementary relationships can easily be verified: 


Intensity of transverse loading, f,(z) 
Intensity of rotational loading, f2(z) 


Gradient of shear, 


Variation of gradient of moment 


re) 
= —f,(z) + fo(z) 


Curvature due to flexure 


dz? 
Curvature due to shear 

o*y, 

Oz? 
Curvature due to flexure and shear 


Gradient of curvature 


V s 


Variation of gradient of curvature 


de! CET 02 fie) 


[10] 
The investigation is limited to beams of symmetrical cross 
section in which the flexural rigidity EJ, the shearing rigidity 
GA/s, the weight per unit length w, and the dynamic moment of 
inertia j, per unit length are constant. 
If the beam is set into vibration, the loading intensities are 
dynamic and may be expressed as follows 
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Substituting Equations [11] and [12] into [10], the general 
differential equation is obtained 


ory Wy j sw 


After rearrangement and substitution of the three beam constants, 


a’, 8, and y’, given by 


gGA 


the differential equation assumes the form 


The solution of this linear differential equation is then 
y = f(t) (A cos gz + B sin qz + C cosh rz + D sinh rz). . [14] 


in which the space frequencies q and r must satisfy the following 
quartic equations 


— (a? + y?)pq? + (a*y*p? — 8*)p? = 0 
r4 + (a? + y*)p*r? + (a*y*p? — B*)p*? = 0 


This means that q and r are given explicitly by the time frequency 
p as follows 


in which the beam parameter p is defined as 


8? — a?y*p? 


p= 


APPLICATION OF SOLUTION TO A CANTILEVER BEAM WirH Exastic 
CONSTRAINT AT THE Buitt-In Enp 


If the origin of the coordinates be placed at the free end of 
the beam, the following end conditions prevail: 
At the free end, z = 0, the moment must be zero, hence from 
Equations [8] and [11] we have 


Moreover, at the free end, the shear must be zero, hence from 
Equations [9], [11], and [12] we have 


dty dty 


At the built-in end of the beam, where z = l, the shear V, 
acting upon the ground or support of translatory rigidity K, 
will produce an elastic displacement of 


1 w oty 
(y)z=1 = K = — = 
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Moreover, at the built-in end, the slope of the beam is due to 
shear in the beam itself as well as to the tilting of the ground. 
This tilting or rotation of the ground depends on the moment 
exerted by the beam upon the ground and on the rotatory rigidity 
of the ground, k. 

The slope contribution due to the shear at z = lis 


oz GA 


While the contribution due to rotation of the ground is 
1 
f file)dede + 
0 
0 ot 


Consequently the total slope of the beam at the built-in end is 
1 
oz ot? 
— — dz — 
dzdz — 0 dz— a 


From Equation [14] substituted into Equation 
readily find that 


Y 
ott 


{17}, we 


r? + aty? 
and from Equations [14] and [18] we see that 
qlq? — (a? + y*)p?] 
r[r? + (a? + 
We may therefore write the dynamic displacement in terms of 
the integration constants A and B as follows 


= ES qz + h cosh rz) + B (sin gz + sinh {14a} 


If we are interested in the starting problem of the beam the 
ratio of the constants A and B can be found so that the arbitrary 
constant can be incorporated in the time function for the purpose 
of satisfying starting conditions. Instead of considering this 
phase of the problem we choose to eliminate the constants A 
and B and thereby arrive at the general frequency equation. 
Substitution of Equation [14a] into Equations [19] and [20}) 
yields the following long and involved transcendental equation 
for the frequencies of the cantilever beam subjected to shear 
as well as to flexure, to translatory loading as well as to rotatory, 
and with two types of elastic end constraints 
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sin ql cosh rl + + ?)? (a? + p 
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| sin gl sinh rl + 


2 
o(6r® + batpt — ¢ (eos gl — cosh rl) + 
rp*(a? + ?)? 


sin gl + sinh nt = 


A complete discussion of this formidable equation will not be 
attempted. While it is possible to choose an example and calculate 
the frequencies by means of Equation [23], it is more instructive 
to see how the general equation will simplify if we neglect certain 
quantities. If the simplification be carried far enough, the well- 
known frequency equations must result. 

We will consider nineteen separate cases of Equation [23], 
numbered [23a], etc., in which from one to four of the six prob- 
lem factors are neglected successively. 

Fortunately the greatest simplification, due to the neglect 
of rotatory inertia in Equation [23], results when the least 
important factor is left out. Let us therefore assume that rota- 
tory inertia is zero, i.e., y = 0, = 0, o = and = p. 
We then have remaining a beam subjected to transverse inertia 
loading only. In this case the general frequency equation be- 
comes 


cos gi sinh rl + 


sin gl cosh rl + 


ve| sin gl sinh rl = 0 


A specific example of a beam relating to Equation [23a] has 
been worked out for various conditions of the ground or clamping 
constraints. 

If we neglect the ground effect and assume that the ground is 
infinitely rigid, i.e., r = 0, and ¢ = 0, we get a simple cantilever 
beam subjected to shear as well as to flexure. In this case Equa- 
tion [23a] becomes 
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sin gl sinh rl = — . [23b] 


2p p? + 2p 


V ep 


cos ql cosh rl — 
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The following general table has been worked out for this case: 


TABLE 1 


(Ratios of true periods, 7, to periods calculated on assumptions of shear 
alone, 7's, and on assumptions of flexure alone, Ty, for different values of the 
parameter GAl?/sEI. The cantilever beam is rigidly built-in) 
GAl*/sEI 0 1 2 4 8 12 16 24 32 40 ) 
Fundamental mode of vibration 


(T/T. 1.00 1.09 1.17 1.32 1.60 1.84 2.04 2.39 2.69 2.97... 
(T/Ty): .. 2.43 1.72 1.47 1.26 1.19 1.14 1.09 1.06 1.05 1.00 
Second mode of vibration 
(T/Ts): 1-00 1.06 1.11 1.90 1.223 1:41. 1.468 1:50 1.08 1.74 .. 
(T/T): 4.95 3.62 2.80 2.18 1.90 1.73 1.51 1.39 1.28 1.00 
Third mode of vibration 
(T/Ts)s 1.00 1.02 1.04 1.07 1.11 1.15 1.19 1.25 1.31 1.36... 
(T/T4)s .. 8.08 5.78 4.23 3.09 2.61 2.32 2.00 1.82 1.71 1.00 
Fourth mode of vibration 
(T/Ts)s 1.00 1.01 1.02 1.03 1.06 1.08 1.11 1.15 1.18 1.22... 
(T/Ty)s .. 12.0 7.84 5.64 4.11 3.44 3.03 2.56 2.29 2.11 1.00 


If the beam be short and stubby its frequencies will be given 
quite accurately by considering shear deformations only; in this 
case p becomes zero, g becomes ap, and r becomes zero, and we 
have 


the well-known equation for a cantilever beam subjected to shear 
only. 

If we had neglected shear and considered flexure only, as is 
possible in a long and slender beam, Equation [23] would reduce 
to the well-known equation for flexure in a simple cantilever 


beam 


cos spl cosh spl = —1.......... [23d] 


It would be possible to imagine that the support of the canti- 
lever were infinitely rigid for translation but still possessed elastic 


tilting rigidity, i.e., r = 0, and ¢ different from zero. In this 
case Equation [23a] becomes 
4p 
V op 
sin gl sinh rl + ‘a*(p? + 2p) 
gi sinh rl — = sin gf cosh ri — 


If, as before, the beam is stubby, we may neglect flexure and 
still have a good approximation of the frequency; in this case 
we get 


Again, if shear were neglected, Equation [23e] would reduce to 


cos VY apl cosh V/ apt — sin V/ pl sinh V/ + 
(cos V gpl sinh spl — sin cosh spl) = —1. . [23g] 


In some applications it might be possible to assume that the 
ground is yielding elastically in translation but is rigid for rota- 
tion, i.e., £ = 0 and r is different from zero. We then have from 


Equation [23a] 
4p 
V “a * p? 


+ 2p sin gl sinh r 2p) 
—2p 

p? + 2p 


cos gl cosh ri — 


(r cos gi sinh rl + q sin gl cosh rl) = .. (23h) 
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Moreover, if flexure be neglected and shear alone be considered, 
we have an equation which can be used, not only for transverse 
shear vibrations in the cantilever, but also for the torsional 
frequencies in a cantilever with yielding support 


If torsional frequencies are to be calculated from Equation 
[23¢] we must define a, and rg as follows 


wk? wR? 


where R = radius of gyration of section; G/4 = torsional rigidity 
of section. A curve for this case has been worked out, see Fig. 3. 

Neglect of shear in Equation [23h] would result in the follow- 
ing 


22 
cos VY 8pl cosh Y — sin V 8pl sinh V spl — 
Bp 
(cos VV spl sinh gpl + sin V Spl cosh V spl) = —1.. (237) 


While our investigation relates to cantilever beams, it is still 
possible to apply the general equations to beams completely 
free from reactions due to supports, i.e., free beams. In this 
case the two ground constants 7 and ¢ approach infinity, we there- 
fore have for free beams subjected to transverse inertia loadings 
only 


Neglecting flexure, we obtain the well-known equation for 
shear distortional vibration frequencies of the free beam 


cos ql cosh rl + sin gi cosh ri = 1...... (23k) 


While the omission of shear considerations gives the equally 
well-known equation for the free beam 


cos VY 8pl cosh Y spl =1............ [23m 


It has been stated before that the effect of rotatory inertia 
loading on the beam is of relatively small influence on the lower 
modes of vibration. However, it is important to establish the 
magnitudes of the error committed by neglecting the rotatory 
loading. For this purpose, as well as for showing what is en- 
countered when the effect is not neglected, the following equations 
derived from Equation [23] are submitted 

The problem is first simplified by assuming that the ground is 
infinitely rigid, i.e., 7 =Oandt =0 


2y%q? 
p> (a? + -y*)*p? 


p> (a* + (a? + | 


(a? + Vp 


As far as simplicity is concerned this equation must be com- 
pared with Equation [23b]. 

Unlike the case when the loading is only transverse, Equation 
[23n] does not simplify appreciably when flexure in the beam is 
neglected. Neglecting flexure, we have 


sin ql sinh rl = 0. ..(23n! 


Et 
tan apl =—.......... 
sity 
. . [28c] 
| 
~ 
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tan apl = 0..... 
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2a*y*p? 
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(a? + y2)? (a? + *)*p? (a? + y?)p? 
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(a + 


| cos gl cosh rl 


similarly no appreciable simplification results by neglecting shear. 
If shear be neglected, we have 


| sin glsinh rl = 0 [23p] 


If we were to apply the results to a free beam, i.e.,r = © and 
¢ = o, Equation [23] would simplify somewhat, namely 
Pp? or? 
pV o(2r? + «) 


However, Equations (23r] and [23s], resulting from neglecting 
flexure and shear respectively, cannot be written in simpler 
form than given by Equation [23g]. 


cos gl cosh rl — sin gl sinh rl = 1... [23q] 


“Approximate Formu/a 


Fundamental Period in Sec 


| 
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Elastic Yielding of Groundin 10 In.per Lb 


Fria. 1 
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In order to illustrate the significance of end fastening on the 
natural frequencies of the cantilever beam, we assume that 
rotatory inertia is neglected but that shear and flexure in the 
beam itself as well as translatory and rotatory rigidity of the 
beam fastening are considered. 

Ezample. A 200-foot-high building with a rectangular-box 
cross section of 52.5 < 170 ft weighs 120,000 lb per ft of its 
height. The equivalent thickness of its outer walls is 5 in. 
with effective moduli of elasticity of 1 X 10%, and 0.4 X 10° lb 
per sq in. for E and for G respectively. The shear distortion 
coefficient s for deflections in the 52.5-ft direction is 4.45, Other 
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computations give: a? = sw/gGA = 1.085 X 107* sec? /in.*; 
8? = w/gEI = 1.180 X 107" sec*/in.4; p = 6?/a* = 100 sec™*, 

In regard to the character of the end fastening of the beam, 
we assume that the ground coefficients r and ¢ are related as 
follows 


27.6 = = 458 X 10-* r = 1.18 X 10-*/K sec?/in.* 
The ground rigidity in translation K is then varied from infinitely 


rigid to infinitely yielding and the effect of this variation is studied 
by means of solving Equation [23a] 
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The data have been chosen such that the hypothetical funda- 
mental period of the beam, calculated on the assumption of a rigid 
ground and on the assumption of shear being the only type of 
distortion in the beam, is one sec, i.e., 7, = 1 sec. 

Fig. 1 shows the variation in the true fundamental period of 
the building with the yielding of the ground (defined as the re- 
ciprocal of K). As the yielding increases, the period of the beam 
or building increases without limit which means that finally the 
fundamental mode becomes unstable and the building topples. 

The dotted curve shows the results obtained by using the 
approximate formula due to Dunkerley,’ namely that the re- 
sultant fundamental period of a complicated system may be 
expressed in terms of the hypothetical component periods as 


= T?, + + + 
In our case the hypothetical component periods are: 


w 


Higher Mode of Periods inSec 


» Fourth of Free Beam. 
of Free Beam~ | 


Period due to shear alone = 7, = 1 sec 
Period due to flexure alone = 7, = 1.11 sec 


Period due to ground translation alone = T, = 2x 2 sec 


Period due to ground tilting alone = T, = 


“" =~" 


Considering the nature of the simplifying assumptions, Dunker- 
ley’s formula gives good results for the fundamental mode period. 
’“On the Whirling and Vibration of Shafts,’’ by S. Dunkerley, 


Philosophical Transactions of the Royal Society of London, Series A, 
vol. 185, 1894, p. 311. 


sin gt sinh rl 
= Q...... [230] 
4p? 272 
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Fig. 2 shows a plot of the higher-mode periods as functions 
of the yielding of the ground. The dotted, straight, horizontal 
lines on the left and on the right of the individual graphs relate 
to the periods for zero and for infinite yielding of the ground. 
Referring to the second-mode period, we see that it increases 
rather rapidly for small yieldings of the ground; it reaches a 
maximum when 1/K is about 1 X 107° in. per Ib, and then de- 
creases smoothly. When 1/K is 3 X 10~* in. per lb, the period 
of the mode is the same as it was when the yielding was zero. 
As 1/K increases further, the period drops below what it was for 
rigid end constraints of the beam, and when the yielding ap- 
proaches infinity, i.e., K approaches zero, the period approaches 
asymptotically the fundamental mode period of 0.320 sec for a 
beam or structure with both ends free. A similar variation in 
period, resulting from a yielding of the ground, takes place for 
all higher-mode periods. 

It has now been shown that the fundamental mode period of 
the cantilever beam increases indefinitely as the yielding of the 
ground becomes greater, moreover, that the second mode period 
of the cantilever with fixed end transforms into the fundamental- 
mode period of the beam with free ends as the yielding becomes 
infinite. The gradual transformation from the second mode to 
the fundamental, from the third mode to the second mode, from 
the fourth to the third are shown in Fig. 2. The higher the mode, 
the smaller the value of the ground yielding for bringing about 
the transformation. 


GENERAL RESULTS 


The general solution of Equation [23b] relating to a cantilever 
on rigid ground and subjected to shear as well as to flexure has 
been tabulated in Table 1 for the first four modes of vibration. 
The proportion of flexure to shear is expressed by the parameter, 
GAlL/sEI. 

As a concrete example of the application of Table 1 to a prob- 
lem, we choose a cantilever beam of solid square cross section. 
In this case s = 1.5 or 1.2 according to choice; if a better theo- 
retical value is desired, see article by R. Gran Olsson. Table 2 
gives the results for s = 1.2, and G = 0.4 E, i.e., GAl?/sEI = 
4l2/a? where a is the side of the square. 

Table 2 shows that a consideration of shear alone in the beam 
will produce an error of 32 per cent if the beam proportions are 
i/a = l, while a consideration of flexure alone will produce an 
error of 47 per cent, but, when //a is 4 the flexural considerations 
for the fundamental mode period will be in error only by 4 per 
cent while shear considerations give results that are way off. 
However, when the fourth mode period is considered, the assump- 
tion that shear alone governs the period is not far off for any of 
the beam proportions shown in the table. Thus we conclude 
that for short beams the effect of shear is appreciable even for 
the fundamental mode period, and that the effect increases with 
the order of the mode. It is important to note that if a hollow- 
box cross section had been assumed the shear effect would have 
been considerably larger. 


SHEAR VIBRATIONS 


A general solution of Equation [237] is shown in Fig. 3. In 
this case the only distortions are due to shear or to torsion, and 
the yielding of the ground is either an elastic translation or 
an elastic torsional rotation about the longitudinal axis of the 
beam. The abscissas are given by the two ground yielding 
parameters GA/slK for shear, and GJ4/lkg for torsion in which 
k@ is the torsional ground rigidity and G/¢ is the torsional beam 
rigidity. The ordinates are in terms of the periods of a beam 
without a yielding ground. 


‘Die tatsiichliche Durchbiegung des gebogenen Balkens,’’ by 
R. Gran Olsson, Der Stahlbau, vol. 7, 1934, p. 13. 
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TABLE 2 


(Application of Table 1 to a cantilever beam of solid square cross section, 
Period ratios in terms of height to depth ratio) 


Height/depth 1 2 3 4 a 
Fundamental mode of vibration 
(T/T): 1.32 2.04 2.83 3.70 
(T/Ts), 1.47 1.14 1.05 1.04 1.00 
Second mode of vibration 
(T/T): 1.20 1.48 1.94 
(T/T) 2.80 1.73 1.34 1.11 1.00 
Third mode of vibration 
(T/T): 1.07 1.19 1.34 1.50 
(T/T74)s 4.23 2.32 1.75 1.47 1.00 
Fourth mode of vibration 
1.03 1.10 1.20 1.33 
(T/T4)4 5.64 3.03 2.23 1.83 1.00 
7, | 
a 
uadamenta/oft 
| | 
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In this case it is seen that, as the yielding increases, the fun- 
damental of the cantilever increases without limit, and that the 
second mode of the cantilever becomes the fundamental of the 
free beam; the third becomes the second, ete. 


SUMMARY 


(a) The paper contains a deduction of the general frequency 
equation of cantilever beams. From this general equation, 
which is rather complicated, a number of simpler equations have 
been deduced, relating to frequencies of beams in which as many 
as four of the six independent variables have been neglected. 
It is shown that considerable simplification results if the effect 
due to rotatory inertia is neglected. 

(b) An example of the influence of an elastically yielding 
ground on the first six mode periods of a building shows the 
gradual transformation of the second mode period of the cantilever 
into the fundamental mode period of the free beam, the third of the 
cantilever into the second of the free beam, etc. 

(c) A general solution of the first four mode periods of the 
rigidly built-in cantilever is given in tabular form. The effect of 
shear increases with the order of the mode, so that for high mode 
frequencies a consideration of shear alone gives good results unless the 
beams are very slender indeed. 

(d) The influence of shearing or torsional elastic yielding of the 
ground on the first five mode periods of a beam subjected to trans- 
lational shear or to torsional shear is given by a family of curves. 
The curves show the same type of transformation of second mode of 
cantilever to fundamental mode of free beam, etc., as discussed in 
the building example. 

(e) The author acknowledges the desirability of tabular-form 
solutions of some of the equations of the cantilever in which 
rotatory inertia has not been neglected. A considerable amount 
of numerical work is involved in making such a tabulation. 
It is hoped that such tables will be available shortly. 


: 
ce 


Analysis of Bolted Joints at High 


‘Temperature 


By E. O. WATERS,' NEW HAVEN, CONN. 


A preliminary study shows that the flanges in a typical 
bolted joint for piping have a more nearly uniform, and 
hence more favorable, stress distribution after creep has 
occurred than when the joint is first tightened up. How- 
ever, the tightness of the joint depends on the initial 
elastic stretch of bolts and flanges; hence an estimation 
of its durability at high temperature is really a compound 
relaxation problem, and the advantage to be gained by 


the quasi-uniform stress distribution is apt to be illusory.° 


to piping, and the circumferential joints of pressure vessels. 

Up to the present time, the design of bolted connections in 
this field has been based more or less approximately on the 
elastic theory. When, however, service temperatures of 750 F 
and higher are encountered, plastic flow of the material is super- 
posed upon the elastic displacements, and the resultant stress 
distribution is at considerable variance with that prescribed by 
pure elasticity. Under these conditions, two questions naturally 
arise. First, does a more favorable stress distribution exist 
under creep, so that the designer is justified in using a higher 
design stress than is now considered safe? A suggestion to this 
effect was made in 1931 at the Symposium on Effect of Tempera- 
ture on the Properties of Metals, held jointly by the A.S.T.M. 
and A.S.M.E. (1)? at which time Dr. S. Timoshenko pointed 
out that when bending occurs at high temperatures, the stress 
distribution approaches uniformity, so that a rational design 
would result in smaller values for the maximum (extreme fiber) 
stress, and more economical machine structures would ensue. 
More recently, Prof. Joseph Marin voiced a similar opinion, in 
discussing a paper on “Formulas for Stresses in Bolted Flanged 
Connections” at the A.S.M.E. Semi-Annual Meeting at Detroit, 
Mich., May 17-21, 1937. 

The second question arises from the relaxation phenomenon 
which occurs in all high-temperature connections which are 
maintained pressure-tight by bolting, and may be thus expressed: 
If the designer takes advantage of the better stress distribution 
with creep, and increases the design stress, does this materially 
affect the life of the joint between retightenings? In order to 
put the answers to these questians on a rational basis, the author 
has attempted in what follows to analyze a few simple cases, 
taking as his structural unit the plain ring flange, loaded near its 
outer circumference by the total bolt pull W and near its inner 
circumference by the combined hydrostatic force and gasket 
compression; it is assumed that this loading is equivalent to a 
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2? Numbers in parentheses refer to the Bibliography at the end of 
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pure moment without shear, and that axial sections of the ring 
rotate about their geometrical centers, remaining plane and 
rectangular under stress. 

— B)dA 
2A 
acting on an element of the ring, Fig. 1, is balanced by a bending 


| 


As is well-known (2), the external moment 


2mdA/A 
(angie) 


Wasa 
Fie. 1 


W’'(A — B) 
tive, as distinguished from the actual, bolt load. The bending 
moment causes a rotation —# in each axial — any element 


moment —M, where M = — , and W’ is the effec- 


of such a section is strained an amount e = 


(neglecting 


higher orders of @); and, since the stress is one-dimensional, the 
relations between moment, rotation, stress, and strain under 
purely elastic conditions are given by 


(A/2)-R 
B/2)-—R 


ozdxdz 


{A/2)-R 
2°dxdz 
M, = 
2*drdz 
or — —— 
_ Bone A 


where ga, is the design stress (tensile) for the ring. 
The validity of the foregoing depends upon the assumption of 
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plane rotation for axial sections, and Hooke’s law; with creep 
at constant temperature, we assume the first to hold, but the 
second is replaced (3) by 

de 

dt = E dt +f (0, t) 
or its integral with respect to t, denoting that total strain is the 
sum of its elastic and plastic components. The author is not in 
a position to defend any of the hypotheses regarding the form 
of f, except to state that it certainly appears to be far from 
linear in o, and nearly enough independent of ¢ to permit the 
use of a constant “limiting creep rate’ for each stress. For 


Tne 


will be used in the present paper, where r,, represents the 
nominal creep rate determined by long-time test at constant 
temperature and tensile stress ¢,,,. 


illustrative purposes, the expression f(c) = o” = ao” 


n=4 > n=-6 


Assume now that the total creep rate in the flange is sub- 
stantially zero. At time t = & = 0, the stress is purely elastic 
B 2 

R+ 2/\h 
is the design stress under elastic conditions. 
may be written in nondimensional form 


og = where og 


Then Equation [2] 


and is given by ¢ = oo = 


where 7 = and § = Integrating from to gives 


= 


Substitution of this expression in the first of Equations [1] and 
integrating, gives the bending moment as a function of time. 
The integration is not simple, since the expansion of the de- 
nominator takes different forms according to the magnitude of 
the second term relative to unity, and can best be performed by 
numerical methods provided the values of the constants are 
known. This is often not the case; however, the significant 
range of time values corresponds to large &, 0 < a < 1, andn 
lies in a range between 4 and 10, hence the second term of the 
denominator is always much larger than unity except for values 
of a corresponding to a small lamina at the neutral axis. Such 
being the case, Equation [4] may be approximated by 


This expression has two significant features: The stress be- 
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comes substantially uniform in numerical value throughout the 
flange (except for the lamina at the neutral axis, which grows 
thinner with increasing time); secondly, the stress varies in- 
versely as a small fractional power of the time, and approaches 
zero asa limit. Fig. 2shows these facts for three specimen cases: 
n = 4, 6, and 8, the time function £ ranging from 0 to 1000. 
As another assumed condition, let the flange creep at a con- 
stant rate which is a fraction ¢ of the rate necessary to maintain 
the maximum stress in the extreme fiber at its initial value o,. 


de 
Expressed mathematically, let ie cao," for the fiber where o = 


og When t = 0. Then for any fiber in general, 


Tne de + Tne d 
E dt o ,&n 


... 


This is easily integrated for certain values of n, and the results 


are significant. In any case, 7 rapidly approaches an asymp- 
1/n 


totic value corresponding to = (ea)!/™, Forn = 4, 


¢ = 1, » remains at unity when a = | and rises to 95 per cent 
of its final value when a = '/, and — = 1; forn = 4, « = 0.1, 
n drops to 107 per cent of its final value when a = 1 and ¢ = 2.4; 
forn = 4, e = 0.0001, 7 drops to 110 per cent of its final value 
when a = 1, & = 300, and 104 per cent of its final value when 
a= '/,,¢ = 1100. It is seen that, for moderately small values 
of «, the asymptotic values of stress are the significant ones, 
and the transient stage is unimportant. For very small values 
of ¢, appreciable time is required for the establishment of the 
asymptotic distribution, and the fibers near the neutral axis 
take more time than those near the surface. This corresponds 
to a trend toward uniform distribution, coincident with a 
general decrease in stress with increasing time, and approaches 
the condition expressed by Equation [5). 

Both of the cases thus far considered lead to the conclusion 
that the stress distribution under creep is much more favorable 
than under purely elastic conditions. That is, for a given 
bending moment the maximum stress in the cross section is less. 
However, the author has not yet been able to convince himself 
that this justifies the use of a higher design stress, unless the 
permissible service life of the flanged joint, between retightenings, 
is comparatively short. In high-temperature service, where the 
entire joint is covered with insulation, this is rarely the case. 
As an alternative, it is recommended that joints be designed as 
elastic structures, and then investigated as individual cases to 
find the approximate service life. Many engineering applica- 
tions may be cited, pipe for example, where a very large amount 
of creep has little effect on the load-carrying capacity or the ‘‘fit” 
of the particular part with reference to adjacent parts. But with 
the flanged connection, the phenomenon is one of relaxation, 
and a small amount of yielding destroys the bending moment 
which is relied upon to prevent leakage. Stated from another 
viewpoint, designers who are interested in availing themselves 
of the favorable stress distribution that accompanies plastic 
flow might well turn their attention to the invention of packing 
elements that would stay tight under large amounts of flange 
and bolt yield, and would reduce the function of the bolt tension 
and flange bending moment to that of equilibrating the hydro- 
static end force. Such designs may be comparatively rare, at 
least in American practice; however, it cannot be questioned that 
serious thought is being given to them in certain quarters (4). 

At the other extreme, mention may be made of the bolted joint 
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which is sealed by a light, but rigid, fillet weld at the contact 
edges. Here, any relaxation of stress in the bolts and flanges will 
throw a dangerous proportion of load upon the welded joint. 

Unfortunately, the integral calculus does not appear to be a 
very efficient tool for the solution of creep problems, as far as the 
time variable is concerned. After carefully considering many 
possibilities, the author’s present opinion is that the best method 
for the bolted-flange example, if accurate results are desired, is a 
step-by-step numerical calculation, with finite increments of 
time. The process must be started at t = 0, where the boundary 
conditions are known, and carried out to large values of t, where 
the relaxation reaches its maximum permissible value; further- 
more, the first increments of t must be small, since the curvature 
of the relaxation curve is extremely sharp at the beginning. 

Needless to say, this is very laborious, if any attempt at ac- 
curacy is consistently maintained, and is hardly warranted for the 
general case of flange design, even where the proportions are out- 
side the range of established standards and a special analysis is 
indicated. A time-saving approximation, recommended by the 
author, is to assume a simple stress distribution in the flange that 
approximates the actual state, and neglect the resulting distortion 
of thesection. A further simplification is made by assuming that 
the stress in the flange is independent of z, so that a = 22/h. 
These are illustrated in a problem at the end of the paper. 

For any type of solution that the investigator may wish to 
adopt, the mathematical relations may be reduced to two non- 
dimensional equations, derived in the following manner. Assume 
that at zero time the flange and bolts are elastically strained to 
the point where their respective design stresses are in effect, and 
that the complete joint has two similar flanges, so that a plane 
midway between their faces may be taken as a datum surface for 
specifying deflections. Also let 


o = stress at any point in flange 
e = total strain at any point in flange , 
l bolt half length 
Ww’ = 
K = A/B 
S = effective total bolt area 


The various physical properties and conditions of the flange de- 
noted by E, a, ¢, etc., will be signified for the bolts by the same 
letters with primes. Since there are two members in the struc- 
ture (bolts and flange) there are two equations of equilibrium and 
two stress-strain-time equations; also we have an equation ex- 
pressing the linearity of strain in the flange, a boundary condition 
for forces, and a boundary condition for deformations. These 
may be written 


~ — 1) 
2l(e’ — 
aB(K 1) 
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Combining and simplifying gives two fundamental equations, 
and using the convention that the sign of a stress raised to the 
nth or n’th power is the same as that of the stress to the first 
power, these two are Equation [7] and 


1 de 8rahl dM 


Bat” E'S at 


4 2ahla’ 
B*(K 1) 


| 


Finally, two ‘working equations” are derived from Equations 
[7] and [14], in which the independent variables are & and a, 
and the dependent variables are 7 and y, the latter being equal to 
M/M,. Thus, 


(A/2)— B/2(R+x) 
+ x)%dadz. . [16] 


Blog K J 


where ki = —2hlE/c,B*(K — 1)E’ and 
ky = rh*(log K)/3e(K — 1)8 
Equation [16] may also be written in differential form 


du 
— q? 
dé BS = K wink J + 


If o is assumed invariant with respect to z, Equation [16] sim- 


1 
0 


plifies to 


Fie. 3 


with a corresponding change in Equation [17], and k, in Equation 
[15] reduces to xh?/3c,S. A numerical example will illustrate 
the use of these equations, for the approximate method men- 
tioned in an earlier paragraph. In working this problem, it will 
be assumed, first, that ¢ is invariant with respect to the dimension 
z; second, that the stress distribution at any assumed value of 
may be represented by the discontinuous function 


froma =0 toa=m 
1/2 froma=mtoa=1 


7=1 


where m is the stress ratio at the extreme fiber, z = h/2; third, 
that Equation [11], expressing linearity of strain, is replaced by 


v 
=> 
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e, = —hé/B. Thesecond assumption is suggested by the curves 
in Fig. 2, where it is evident that o/o, (= na) is roughly propor- 
tional to a for a certain distance from the neutral axis, after which 
it is practically constant, at any particular time. Fig. 3 shows 
this assumed distribution in three dimensions; when & = 0, 
the stress is proportional to the moment-arm factor @ which 
corresponds to the distance from the neutral axis in the ordinary 
beam analysis; after the lapse of time, the stress has approached 
a state of uniformity. 
On this basis, Equation [16a] becomes 


1 
du 3 dm 
s —=- (1 — 
Also 72 ( m?) de’ [18] 


and Equation [15] reduces to 


3 d E'a’ 1 


—m"....[19] 


This is readily solved by graphical or numerical quadrature, for 
any specific case. 

Example. A flanged joint has the following particulars: A = 
22 in., B = 12'/,in., h = 25/s in., bolt-circle diameter = 191/,in., 
gasket mean diameter = 13%/, in., bolt half length = 25/s in., 
effective bolt area = 18.56 sqin.,a =a’,n =n’ = 6, E = E’. 
Calculation of the constants for the modified Equations [15], 
[16a], and [17] gives K = 1.76, c: = 0.579, ki = —0.2004, k. = 
0.6715. It is required to find the value of £ for which yu falls from 
its initial value of unity to 0.5. 

The assumed trapezoidal stress distribution in the flange gives 
a cubic equation for m in terms of », Equations [18],from which it 
is computed that m = 0.3472 when » = 0.5; the integration is 
therefore carried out from m = 1.00 to m = 0.30, in increments of 
0.05. Using Simpson’s rule, the results are as follows: 


m 1.00 0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 
€ 0.00 0.0584 0.1381 0.2541 0.4140 0.6603 1.0089 1.5825 2.4314 
m 0.55 0.50 0.45 0.40 0.35 0.30 
€ 3.9520 6.3607 11.2200 19.7630 40.4211 83.5486 


A curve plotted from these figures shows that the required value 
of ¢ is about 41; from this, and a knowledge of the numerical 
values of a, EZ, and o, forthe joint in question, the numerical value 
of the time is obtained. It is quite obvious that the service life 
is improved by large “springiness”’ and low creep rate (low E and 
a) and that it is very sensitive to changes in cy. 

Inspection of Equation [15] discloses that the four terms of this 
expression, when integrated with respect to ¢, represent to scale 
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the elastic recoveries and creeps of the flange and bolts. This 
fact has been utilized to construct the curves in Fig. 4, which 
may be compared withsimilar curves (Figs. 24 and 36) in the First 
Report of the Pipe Flanges Research Committee, previously 
mentioned (4). 
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In conclusion, the author would emphasize that the analysis 
presented in this paper must be regarded as a preliminary attack 
upon the general problem of plastic flow in bolted pipe joints 
and other structures involving bending, and is subject to review 
and criticism by individuals who have had far more practical ex- 
perience with them than he can claim to his credit. Many 
simplifying assumptions have been made, and no account has 
been taken of important effects such as gasket compression, local 
stress concentrations at nuts, or integral hubs. In spite of this, 
the calculation of time vs. stress remains a more complicated pro- 
cedure than the average designer would probably wish to under- 
take. Possibly an analysis based upon two sets of experimental 
data, one for creep in tension under constant load, and one for 
creep in bending under constant moment, would be simpler than 
an attempt to relate the entire action to the creep rate in tension. 
Comments upon this point, as well as upon other matters con- 
cerning the flange problem which have been neglected in the pres- 
ent study, will be more than welcome. 
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This paper reports the results of tension tests, to deter- 
mine the suitability for photoelastic work, of five samples 
of Bakelite and two of Marblette at temperatures between 
32 and 140 F. These results show the variation, of 
Young’s modulus, Poisson’s ratio, stress-optical coef- 
ficient, and strain-optical coefficient with temperature. 
Stress-strain curves of the materials are also given showing 


the relative amounts of creep. The effect of heat-treat- 
ment on Marblette is shown by tests before and after an- 
nealing. 


HE PRESENT investigation is a portion of an intensive 

program of research recently inaugurated at Cornell Uni- 

versity to determine the suitability of various synthetic 
resins for photoelastic work. The object of this investigation 
was to determine the dependence of the physical and optical 
properties upon temperature. Since it is unlikely that various 
laboratories conduct their photoelastic investigations at constant 
temperature, any material with properties sensitive to tempera- 
ture variation would be unsuited for such work. Some of the 
materials were found to be very sensitive to temperature, while 
others were quite stable. It is hoped that these results will elimi- 
nate some of the difficulties which previously have been en- 
countered in the solution of stress-distribution problems by the 
photoelastic method. 

The materials investigated and reported here include two sam- 
ples of Marblette and the following Bakelite resins: The standard 
photoelastic material designated by the manufacturer as BT- 
61,893, another material BT-48,005, and a series JHS-595-95-A, 
B, and C. The chemical composition and hardening process 
employed for preparation of the JHS-595-95-A, B, and C mate- 
rials substantially followthat described in U. 8. patent No. 1,739,- 
7713 except that the amount of glycerin used was 9 per cent, 
18 per cent, and 27 per cent more than given in the known prac- 
tice.‘ All of the bakelite resins were tested after annealing. 
One sample of Marblette was tested as received, the other after 
annealing. The methods of heat-treatment of these materials 
are listed in Table 1. 

These six materials were stressed in simple tension at several 
temperatures between 32 F and 140 F to determine the follow- 
ing properties: Young’s modulus, Poisson’s ratio, stress-optical 
coefficient, and strain-optical coefficient. 

The temperature of each test specimen was maintained within 


1 Instructor in Mechanics, Sibley School of Mechanical Engineer- 
ing, Cornell University. 

2 Instructor in Mechanics, Sibley School of Mechanical Engineer- 
ing, Cornell University. Jun. A.S.M.E. 

3 Granted to J. H. Schmidt, December 17, 1929. 

4See U. S. patent to M. J. Callahan, No. 1,108,329, August 25, 
1914, p. 1, line 29. 

Presented at the Annual Meeting of THe AMmRICAN SOCIETY OF 
MECHANICAL ENGINEERS, held in New York, N. Y., December 6-10, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1938, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Effect of Temperature on Physical and Opti- 
cal Properties of Photoelastic Materials 


By G. H. LEE! ano C. W. ARMSTRONG,’ ITHACA, N. Y. 


A-11 


METHOD OF HEAT-TREATMENT 


Temperature, Time, Furnace coolin, 
Material deg F hr Deg F r 


TABLE 1 


Bakelite 


BT-61,893 206 30 206 to 80in. 30 
JHS-595-95-A......... 164 4 164 to 80in. 24 
JHS-595-95-B 164 4 164 to 80in. 24 
JHS-595-95-C........ 156 6 156 to 75 in. 20 
182 182 to 90 in. 24 
Marblette............. 182 72 182 to 82in. 24 
720 one tenth of one de- 


gree F of each desired 


640 temperature by enclos- 
ing the specimen and 
560 instruments in a well- 
insulated test box, into 
480 which was incorporated 
a suitable temperature- 


control mechanism. 
Longitudinal deforma- 
tions were measured 
by an optical exten- 
someter® whichinvolves 
several novel features 
that permit ease of use 
80 as well as accuracy 
2 80S «100s 120 of measurement. The 
Temperature, F lateral deformations 

were obtained by use 
of an_ interferometer 
strain gage similar to 


nm 
> 
o 


*s Modulus, Thousand Lb per Sq In. 


Young 


Fig. 1 Variation oF Youna’s Mopv- 
Lus WitH TEMPERATURE 


that which was developed by Vose.* 

To avoid possible nonhomogeneity of the materials, the same 
specimen of each material was used for the entire test series. 
Creep was minimized by testing each specimen at the lowest 
temperature and then at successively increased temperatures, by 
keeping the maximum stresses reasonably low, and by applying 
and removing the increments of load as rapidly as instrumenta- 
tion would permit. 

The accompanying curves demonstrate the effect of tempera- 
ture on the physical and optical properties of the materials 
tested. 

Within the stress range of these tests it was found that Poisson’s 
ratio was constant with stress for all of these materials, except 
unannealed Marblette. Poisson’s ratio appeared to be constant 
with temperature for all nonplastic deformations. Values of 
Poisson’s ratio at several temperatures are given in Table 2. 

The relationship between fringe order and stress was linear over 
the entire temperature range for three materials; namely, BT- 
61,893, JHS-595-95-A, and B. For the annealed Marblette the 
fringe order was linear with stress at temperatures below 76 F. 
Another interesting result was that as long as no plastic defor- 
mation took place, i.e., no permanent set, the photoelastic effect 
was linear with strain. As soon as some plasticity was evidenced 
the photoelastic effect was no longer linear with either stress or 
strain. It should be noted from Fig. 2 that for those materials 


5 Designed by L. F. Welanetz, Cornell University. 

®*‘An application of the Interferometer Strain Gage in Photo- 
elasticity,”” by R. W. Vose, JourNAL or AppLieD MeEcHanics, Trans. 
A.S.M.E., vol. 57, September, 1935, p. A-99. 
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which are not subject to plastic deformation, the strain-optical 
coefficient is but little affected by change in temperature. Is 
this an indication that the photoelastic effect is a function of 
strain rather than of stress? 

This strain-optical coefficient, which assumes a linear relation 
between the relative retardation of the ordinary beam with re- 


TABLE 2 POISSON’S RATIO 


Temperature, deg F 40 50 60 70 80 90 100 
Material 
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e is the unit longitudinal deformation, ¢ is the thickness of the 
specimen in the direction of the light beam, and R is the relative 
retardation in number of fringes’ for thickness ¢. 

The variation of the stress-optical coefficient with tempera- 


TABLE 3 TEMPERATURE RANGE IN WHICH CREEP BECAME 


NOTICEABLE 
Material Temperatures, deg F 
Bakelite 
JHS-595-95-A....... 
54 to 64 


Below 32 


ture is shown in Fig. 3. This coefficient is defined as C; = 
(p — q)t/R, where p and q are the principal stresses, ¢ is the 


thickness of the specimen in the direction of the 


light beam, and # is the relative retardation in 
number of fringes. Monochromatic light with 


a wave length of 5461 A was used in all optical 
determinations. 


The marked differences in the optical coeffi- 


cients of the bakelite resins with varying content 
of glycerin, suggest a possible correlation of 


chemical composition with the photoelastic 
effect. 
The relative amount of creep of the materials 


is indicated by the stress-strain curves at ap- 


proximately 75 F as shown in Fig. 4. The total 
time of application of stress foreach test was about 


ten minutes. Creep was noticeable first at the 
temperatures listed in Table 3. 


v Of course, none of these materials is ideal, how- 


ever, the authors believe that the Bakelite JHS- 


0.372 
JHS-595-95-C 0.359 0.364 0.369 0.373 0.379 0.382 ... 
Marblette 
Annealed reer 0.389 0.398 0.406 0.414 0.420 0.429 0.438 
48 
44 
+ 
40 
+ 
e 
36 
8 
= 
s 
£28 wy 50 
Annealed 2 
° Mar blette 2 
= 4 +8 40 
% 20 30 
16 BT-6,893 P= 
2 40 60 80 100 10 140 20 40 60 80 100 120 140 


Temperature, F 


Fie. 2 VARIATION OF THE STRAIN- 
OpticaL CoEFFICIENT WITH 
TEMPERATURE 


3200 
2800 

2 

0 
<20> Unit Deformation x 10* 


Fie. 4 Trnsion Stress-Strain Curves aT 75 F, SHowine 
TIVE AMOUNTS OF CREEP 


spect to the extraordinary beam of polarized light and the defor- 
mation, is defined as C = (1 + u)*t/R, where u is Poisson’s ratio, 


Temperature, F 


Fie. 3. VARIATION OF THE STRESS- 
OpticaL COEFFICIENT WITH 
TEMPERATURE 


595-95-A is better suited to photoelastic work 
than any of the others reported here. This ma- 
terial is almost as sensitive optically as BT- 
61,893, less difficult to machine and its physi- 
cal and optical properties are more nearly con- 
stant with temperature than those of the other materials. 

The importance of the effect of heat-treatment on the physical 
and optical properties of synthetic resins is evident from the tests 
of Marblette'before and after annealing. An exhaustive study 
of this effect would be very desirable. Although it would be 
interesting to extend the investigation of the physical and optical 
properties over a wider range of temperatures, nevertheless 
the results of such an investigation would be of doubtful prac- 
tical value. 
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This paper deals with static deflections of rubber mount- 
ings. An equation has been developed which correlates 
all the available data on plain rectangular slabs under 
compression loading. Data are given showing how closely 
this equation checks experimentation, and examples are 
solved, giving the method of using this equation and also 
the use of a chart simplifying the calculations. Addi- 
tional data are given on other shapes of compression 
mountings. 

The deflections of shear-type mountings are shown to 
agree with theory. Combination shear-compression units 
have also been tested. 

Data are given showing the variation of hardness on the 
durometer A scale with change of temperature. At room 
temperature moduli of elasticity for compression and for 
shear are related with durometer hardness number, and 
the equations of these curves are derived. 


industry, yet the data published on its physical character- 

istics are surprisingly meager. Any additional data 
giving, for example, load-deflection curves for known shapes of 
determined hardness would be welcomed by engineers who are 
confronted with rubber-mounting-design problems. The author 
hopes that this paper will induce others to publish such material 
as may be already available privately. 

As springs, or as vibration dampers, rubber mountings may be 
loaded in tension, compression, shear, or in a combination of 
these. Loading in tension is not common, however, and the 
author has no experimental data in this branch. He is able to 
present, on the other hand, some data obtained at the Edward 
G. Budd Manufacturing Company, some given privately to the 
author by representatives of several rubber-manufacturing con- 
cerns, and some published previously in different fashion. The 
data are presented under suitable headings. 


R incase is becoming increasingly important yearly in 


COMPRESSION LOADING 


The shape of the compression member has a decided effect 
on the load-deflection characteristics of a rubber compression 
unit, and for that reason each shape is considered separately. 


(A) PLAIN RECTANGULAR SLAB 


Fig. 1 summarizes the data available to the author on plain 
rectangular slabs. On each curve are given the durometer 
hardness number, length, width, and height of the test piece 
before the application of the uniformly distributed load. The 
lowest curve is for a sponge rubber, and this cannot be treated in 
the same manner as pure gum rubbers, for sponge rubber is 
readily compressible, whereas pure gum rubbers are almost in- 


1 Executive Engineer of Research, Edward G. Budd Manufactur- 
ing Co. Mem. A.S.M.E. 
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compressible. Nevertheless, for comparison purposes, this 
curve has been added to the figure. 

It may be mentioned, in connection with the hardness numbers, 
that for very hard rubbers some plasticity is evident, so that the 
indicator hand of the durometer will recede 2 or 3 degrees on the 
hardness scale after a few seconds of time. A recession of more 
than 5 deg durometer indicates excess plasticity, but for durome- 
ter hardnesses less than 65 there is little change in scale read- 
ing with the time necessary to make a test. There may be, of 
course, a change in rubber hardness over periods of several 
months. 
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Fic. 1 Compression LoaDING oF RECTANGULAR RUBBER SLABS 


It can be seen from Fig. 1 that, under a pressure of 300 Ib per 
sq in., the deflection of one solid-rubber slab is 2.4 per cent, and 
for another slab of different dimensions and hardness the deflec- 
tion is more than 36 per cent. It appears that no systematic 
research has been performed to enable anyone to predict accu- 
rately the deflection of a rectangular slab of dimensions different 
from the samples tested, and of another hardness; but some in- 
formation may be obtained by breaking up the data to find the 
influence of height, loading area, and hardness, separately. 

Influence of Height. It is expected that the percentage deflec- 
tion would increase as the height increases because with increase 
in height there is greater opportunity for the rubber to bulge 
out at the mid-section. Since rubber is nearly incompressible, 
an increase of area at mid-section parallel to the loading area re- 
sults in a decrease in slab height and an increase in deflection. 

If a sponge rubber were to be used, the increase in area at the 
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mid-plane might be quite small, even under large deflections. 
For example, a sponge rubber of 31 durometer hardness with a 
loading area of 2 in. X 2 in. and a height of °/s in. was subjected 
to a pressure of 70 Ib per sq in. and its height reduced by 48 per 
cent, yet the mid-plane dimensions were only 2/3 in. X 2"/s in. 

Fig. 2, giving rough data only, shows how the slab dimensions 
change under load. More accurate data on load deflection have 
been obtained by F. L. Haushalter (1),* and are shown in Fig. 3. 
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g 94 Ls 40)" 
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M92.72" 
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DEFLECTION, PER Cenr. 


Fic. 2 Dimension CHANGES OF 1!/; AND 2 IN. StaBs oF 60 DuROME- 
TER RUBBER UNDER COMPRESSION LOADING 


(Loading area = 2!/; X 8'/:in. = 21'/4sqin. Dimensions showing bulge at 
mid-section under load: L = width at center, M = width at ends, V = 
length at center.) 
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Fig. 3. Loap-DEeFLEcTION CURVES ON SLABS OF DIFFERENT THICK- 


NESSES (1) 
(Slabs are 73/4 X 53/¢in. 40 durometer rubber.) 


The highest four curves deal with solid slabs, all with the same 
loading area and hardness, but of different heights. As a first 
degree of approximation it can be seen that percentage deflection 
varies as the (height)*/*. The exponent may not be the best 
for this particular group of experiments, although it fits well, 
but, in general, this exponent gives satisfactory results. 


? Numbers in parentheses refer to the Bibliography at the end 
of the paper. 


JOURNAL OF APPLIED MECHANICS 


MARCH, 1938 


Influence of Loading Area. Fig. 4 shows load-deflection curves 
obtained on two samples of rubber of the same hardness and 
height, but with widely different loading areas. It can be seen 
that, as the area increases the deflection decreases, and as a first 
degree of approximation percentage deflection varies inversely 
as the (area)'/*. 

Influence of Hardness. Fig. 5 shows the influence of hardness 
on the load-deflection curve, for three samples of rubber all of the 
same size. Now the hardness is given as a durometer hardness 
number, and this is difficult to use directly. 

But the U. S. Rubber Company (2), and the B. F. Goodrich 
Company (1), have correlated durometer hardness with modulus 
of elasticity of rubber in shear. The latter data were obtained 
by using pairs of sandwiches whose rubber dimensions were 1 
5X 10 in. Keys (2) also has experimental data correlating 
durometer hardness with modulus of elasticity in compression, 
Fig. 6. If we had a perfectly elastic body it would be possible to 
connect the two moduli together. 
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Fie. 4 Loap-DrEFrLection CurRVES ON SLABS OF DIFFERENT AREAS 


Holt and McPherson (3) give data on Poisson’s ratio for 
a pale crepe rubber stretched for 3 min at 25C. They are shown 
in Table 1. 


TABLE 1 
Elongation, Length, Volume, aV Poisson's 
per cent L aL ratio 
100 2 1.000 0 0.500 
200 3 1.000 0 0.500 
300 4 1.000 0 0.500 
400 5 0.9996 —0.0008 0.502 
500 6 0.995 —0.0089 0.527 
600 7 0.986 —0.0063 0.522 
700 8 0.9815 —0.0037 0.515 


It can be seen that Poisson’s ratio does not depart greatly from 
0.5 even for elongations of 700 per cent. Thus, if we assume 4 
value of 0.5 over the range of compression ordinarily encountered, 
the modulus of elasticity in compression should be three times 
the modulus of elasticity in shear. 

Fig. 6 shows both moduli plotted as functions of durometer 
hardness. It can be seen that there is close agreement among 
the various data. There is an additional curve on this figure 
which is the one recommended by the author for both shear and 
compression. This curve is an approximate mean value of the 
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three curves obtained experimentally, and was determined by 

replotting on logarithmic-arithmetic paper the curves of Fig. 6. 
Fig. 7 shows that on logarithmic-arithmetic paper the pro- 

posed curve appears as a straight line either for compression or 


for shear. This makes the equation? of the line easily determin- 
able. 

E = 50.8 = 50,8 ¢993D = 3G..........[1] 
and G = 16.9e? 9-26 = 16.9¢°9D [2] 


It should be pointed out that this equation cannot be extrapo- 
lated greatly. 

Referring again to Fig. 5, it can be seen that percentage deflec- 
tion varies inversely as the modulus of elasticity in compression. 
Thus, so far, we have reached the conclusion that deflection varies 

BE, 
Influence of Shape. It seems reasonable to expect that a 
long thin piece of rubber would compress more readily than a 
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DEFLECTion, Per Cent 
Fic. 5 CURVES ON SLABS OF DIFFERENT Harkp- 
NESSES 
Loading area = 9 X Qin., height = '/; in. compression loading.) 


square piece of the same loading area, height, and hardness, be- 
cause of the increased perimeter available for lateral movement 
of the rubber. Thus perhaps shape factors can be determined 
from perimeters. The author has had little success with this 
procedure, but has found that the ratio of the long side to the 
short side of the loading area yields a factor which can readily be 
used in correlating deflection data on rectangular slabs. 

He has found that, in the few cases for which he has data, de- 
long side 
short side’ 
extensive series of tests would be helpful in checking the accuracy 
of the exponent. Hirshfeld and Piron (10) give values which 
seem to indicate an exponent for R of nearly '/, when their data 
are recalculated with exponents of */; and '/, for h and A, re- 
spectively. 

Our final conclusion is, then, that for rectangular slabs: Per- 
centage deflection varies as 

hR)*? 


flection varies as R’/*, where R is the ratio of A more 


Equation [3] is a simplification of the more general equation: 
Percentage deflection for a given stress 


3 Table of nomenclature is given at the end of the paper. 
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which is dimensionless. The assumption that the functions ap- 
pear as power functions was made in Equation [3] for simplicity 
only, until more comprehensive data are available. 

In order to use this conclusion it is desirable to decide on a 
standard block of rubber of a representative hardness from 
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which to start operations. The author has chosen as his tenta- 
tive standard a 1-in. cube block of rubber of 55 durometer hard- 
ness. Thus the percentage deflection of a slab of rubber of 
height h, loading area A, length-width ratio R, and modulus of 
elasticity in compression Ez can be obtained by multiplying 
2/3 
ae a by the percentage deflection of a 1-in. cube block, of 
55 durometer hardness, subjected to the same loading pressure. 
The load-deflection curve for this standard block of rubber is 
given in Fig. 8. This curve, incidentally, is not an experimental 
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one, but was obtained from all the data available to the author on 
all rectangular slabs of rubber, by multiplying the observed per- 


E, : 

centage deflection for a given load by —*——-,- ._ The values 
Es 

obtained by this means are shown in Fig. 9. The curve of Fig. 8 
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was obtained from an approximate mean of all those shown in 
Fig. 9. That there is a deflection greater than 100 per cent in 
Fig. 9 is an indication either of an error in theory or in the funda- 
mental experimental work. It should be pointed out that this 
particular slab was only '/, in. thick, and, under 1000 lb per sq in. 
compressed only 0.0385 in. An error in the experimental read- 
ings for this slab of 0.01 in. results in an error in deflection of 26 
per cent. It can be seen that this curve, based on data of Haus- 
halter (1), is the only one of his group which departs from the 
proposed curve by more than 5 per cent. It is evident, however, 
that all of the calculated curves iie in a belt of reasonable width, 
so that a mean curve cannot be seriously in error. Thus the use 
of Fig. 8 is justified for rough calculations. 

Two typical examples of the use of Fig. 8 would clarify the 
procedure. 
(a) What would be the deflection of a rubber slab of 70 durome- 
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Fie. 14 Compression LoapING oF CYLINDRICAL Disks. 


MARY) 


(Sum- 


ter hardness, with a loading surface area of 9in. X 9 in. anda 
height of '/2 in., under a load of 24,300 Ib? 


24,300 300 Ib 
8q in. 


From Fig. 8, at this pressure, deflection = 56 per cent. Fig. 6 
or 7 gives us values of E for hardness Nos. 55 and 70. There- 


1 1)** 313 
fore, our slab would deflect 56 x 222 X = or 2.38 per 
V9Xx9 


Solution: Loading pressure = 


515 
cent. Fig. 5 gives the actual deflection as 2.4 per cent. 

(b) What would be the deflection of a rubber slab of 40 durome- 
ter hardness, with a loading surface area of 73/, in. X 53/, in. 
and a height of */, in. under a loading pressure of 600 lb per sq 
in.? 

Solution: From Fig. 8, at 600 lb per sq in., deflection = 81 
per cent. 

Required deflection 


81 (3/4 X 7.75/5.75)"* 
= 
(7.75 X 5.75)? * 


Fig. 3 gives an actual deflection of 19 per cent. 
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per cent. 
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TABLE 2 COMPRESSION LOADING OF CIRCULAR CYLINDERS 
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For more rapid results, Fig. 10 can be used. As an example, 
consider problem 1 again. For this slab, hAR = 0.5. From Fig. 
10 (e), which is for 70 durometer rubber, a load of 300 Ib per sq 
in. and an hR of 0.5 yields a deflection of 22 per cent on 1 sq in. 
loading area. For 81 sq in., the deflection would be 22/81'/? = 
2.4 per cent. Unfortunately it is not easy to make the curves 
of Fig. 10 quite so general as Equation [3]. 


(B) SHares oF a Recranautar Nature, Nor INcLupEp IN 
Section (A) 


Figs. 11, 12, and 13 give additional data on shapes not quite 
plain solid rectangular. Fig. 13 shows clearly the influence of holes 
in the rubber on deflection under load. Curve F of Fig. 13 (a) 
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Fie. 15 Dimension CHANGES oF CYLINDRICAL Disks 


Deflection 
Durome-_ on 60 
Loading ter durometer 
Curve Deflection, Outside Inside Height, area = A, Perimeter, hardness basis = Y 
no. percent diam,in. diam, in. in, sqin. in, no, per cent 
1 8 21/4 1 '/, 3.19 10.2 70? 11.5? 
2 13.6 57/s 21/2 13/32 22.2 26.3 60 13.6 
3 15.2 33/s 1'/s 7.94 14.1 71 22.0 
q 
5 8 
6 0 
7 1 
8 5 
9 1 


All samples are considered under 200 Ib per sq in. load. 
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Dervection, Pea Cent. 
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Fig. 16 SHow1nG Errect or Disks IN Serres WITH- 
our STEEL SEPARATORS (5) 


is especially interesting. It was obtained after unit E had 
been subjected to more than 1,000,000 cycles in a fatigue test 
under the following conditions: 


Free height of the 8 slabs, including steel separators = 8'/. in. 


Loap-DeFLecrion Curve SHow1nc Errect oF VARYING CHAMFERS 


Loaded height of the 8 slabs, bearing 44,000 Ib = 5 15/16 in. 
Size of rubber, unloaded = 11 X 8 X 1 in., minus one 3-in. 

hole, and four 1'/2-in. holes, giving useful area of 73.86 sq in. 
The rubber slabs weighed 0.054 Ib per cu in. 


The fatigue test started on Jan. 15, 1936, and ended on April 1, 
1936. During that time the load of 44,000 Ib was never com- 
pletely removed. The load was oscillated !/, in. above and '/, 
in. below the loaded position, making !/, in. stroke, with a fre- 
quency of 40 strokes per min, which corresponded roughly with 
the frequency of oscillation of the rubber. The total number of 
strokes was 1,005,959. Upon removal of the load, the rubber 
returned almost immediately to its original thickness, and did 
not show any deterioration. 

It is sometimes convenient to mount the rubber in a rectangu- 
lar box; but, as seen from various curves already mentioned, 
the mid-plane area when the unit is loaded would be greater than 
when unloaded. This led to tests on sections such as are shown 
in Fig. 11. 


(C) Disks 


Fig. 14 includes the data obtained by the Budd Company on 
rubbers made by Goodyear Rubber Company, data supplied by 
Haushalter (1) and by Keys (4). The durometer hardness of 
Keys’ sample is not definite, as he explained to the author (2). 
Fig. 15 gives data showing the dimensions of two disks under 
various loads. Fig. 16 was taken from data of Haushalter (5). 
Perhaps it may be mentioned that the article from which this 
was taken stated that steel separators were placed between the 
rubber disks. On replotting the data in the form shown in Fig. 
16 it was obvious that a slip had been made, and Mr. Haushalter 
(1) admitted that during tests the steel separators were not used. 
The data of this figure were not included in Fig. 14 because it is 
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clear that four '/; in. high disks may not act in the same manner 
as one 2 in. high cylinder. With four disks in series separated by ao 
steel separators the percentage deflection of one would be the 


same as the percentage deflection of four. 
Referring again to Fig. 14, it will be noticed that most of the lo, 

curves deal with rubber of 60 durometer hardness. In order to 

get an easier method of finding the effect of each variable it would ame 

be better to consider only rubber of one hardness; yet at the pom 

same time it would be desirable to get as many data as possible. 

It was seen that in the case of rectangular slabs deflection varied 7000 


3 
inversely as the modulus of elasticity in compression. Assum- a) 
ing this to be the case also for cylinders, it is easy to calculate all g 9 ‘a 
deflections on the basis of 60 durometer, by multiplying the meas- é 


ured deflections by Ez/Ew. This has been done, and the results = Y, 
are given in Table 2. The data are not comprehensive enough 4,000 f 
to formulate definite conclusions regarding the effect of cylinder y/ 
height, loading area, and perimeter, but a few remarks can be es 
made. 2000) 
Influence of Height. Curves numbered 6, 7, 8, and 9 of Table 
2 have roughly the same loading areas and perimeters, but the 1000 
height varies from 1 to 4 in., yet the percentage deflection on the | om 
60 durometer hardness number basis does not vary greatly. 0 7s astra a 
Thus it would appear that cylindrical disks within the height DEFLECTION, incHes. 


limits which are mentioned deflect a given percentage of the Fie. 24 SHear-Compression Mountine, Stas Faces PARALLEL 
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height, regardless of the height, under equal loading pressures. 

Influence of Loading Area. There is no obvious correlation 
which would also include the solid circular slab. More data are 
necessary before any conclusions can be drawn. 


(D) MiscELLANEOUS SHAPES 


Fig. 17 shows results of tests on samples with varying chamfers. 
Fig. 18 shows the shape of such a disk unloaded and under a load 
of 1500 lb. It does not take much load under ordinary circum- 
stances to eliminate the chamfer. Fig. 19 gives results on four 
differently shaped disks all with the same height and with the 
same outside and inside diameters. 


SHEAR LOADING 


In all of the tests made on rubber in shear, the rubber was 
vulcanized to the metal. Fortunately, in shear, it is an easy 
matter to calculate the load-deflection curve, provided that the 
angular deflection of the rubber is kept below about 30 deg. 


(A) Puatn 


The theory for shearing of plain slabs is simple. Fig. 20(a) 
and (c) are the common constructions for shear loading of 
rubber. 

Case 1. Consider Fig. 20(a) and (5). 


stress 


Modulus of elasticity in shear = G = ; 
strain 


Ww 
Stress = A’ therefore strain AG in radians 


G is obtained from Fig. 7(b), knowing the durometer hardness 
number of the rubber 


strain = 3 4G 


It is frequently desirable to know the deflection, d, rather than 


the strain. 
(c+d) 
1+ tan a tan B 
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d 
Now, if Pa and — are both small, then 
é i 
d 
tan (a — 8) = approximately 


(a — 8) radians approximately; 


and, as a first degree of approximation 


This is not so accurate an equation as [5], but it is in some in- 
stances more convenient. 5 
Case 2. Consider Fig. 20(c) and (d). 


If 2A, = A, then strain = = as in case 1. : 
AG 


Fig. 21 shows how closely experiment agrees with theory for 
a particular sample. Notice that for angular deflections greater 
than 25 deg the experimental curve yields smaller deflections 
under the same load than theory would indicate for plain shear. 


(B) Cy.inpricaL SHEAR MovunriNGs 


Several commercial cylindrical springs made of rubber loaded 
in shear are available. One sample, made by the B. F. Good- 
rich Company, has the characteristics shown in Fig. 22. Ac- 
cording to Haushalter (1) it is possible to calculate the deflection 
of a circular shear mounting of the type shown in Fig. 23, by 
means of Equation [7] 


2nG 


| 
her; — hyre 


where d = deflection of spring under load W. 


d =— | ——— ||log, har: — loge hits] .....- 


har: — loge hira] 
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(C) ComBINATION OF SHEAR AND COMPRESSION 


A simple case of combined shear and compression loading is 
shown in Fig. 24. The slabs are first compressed 10 per cent of 
their free thickness before shear loading is applied. Notice that 
the area between the loading and unloading curves is small, so 
that comparatively smail heat is generated in one cycle. It can 
also be seen that the curves are convex upward, whereas in every 
case previously discussed the curves have all been concave up- 
ward. 

By mounting the rubber in a tapered holder, as shown in Fig. 
25, the combination of shear and compression can be simply ob- 
tained. Again we have curves convex upward. 

This particular sample was tested under an oscillating load of 
12,000 lb, which gave the central plate a deflection of 3'/, in. 
The central plate oscillated + 5/s in. from the loaded position 
for more than 1,000,000 cycles, at a frequency of 44 cycles per 
min. After the test was completed and the load removed, the 
set of the central plate was found to be 5/sin., which was reduced 
to '/, in. after 3 hr. 


EFFECT OF TEMPERATURE ON RUBBER 


Haushalter (1) claims that there is little effect of temperatures 
up to 212 F on rubber, but that at a temperature of —20 F 
a rubber used in shear-type streetcar springs of from 33 to 45 
durometer hardness increased in stiffness about 3 per cent. This 
increase in stiffness varies with the particular rubber recipe and 
with the initial rubber hardness. In general, the more combined 
sulphur in the compound, the less is the stiffening with lowering 
of temperature, other ingredients remaining constant. But the 
introduction of softeners such as oils, changes the picture again. 

Keys (2) supplied the data in Table 3. 


TABLE 3 
Temperature change, F 140 to 0 70to0 140to0 140 to 20 
Durometer-number change 30to30 37to4l 48to 5l 57 to 61 


DETERIORATION 


One question raised by most engineers regarding rubber deals 
with its ability to stand up under service. It seems to be ac- 
cepted by the rubber companies that rubber will last indefinitely 
if protected from the action of sunlight and excessive heat. 
Authentic cases of 9 years’ continuous service are common, and 
even 40 years’ continuous service ip certain installations have 
been claimed. An outside coating of oxide would probably be 
evident, but in the inside the rubber might be all right. 

Keys (2) pointed out the following peculiarity. It has been 
observed that deterioration proceeds more rapidly when rubber, 
exposed to sunlight, is stretched 10 per cent than when stretched 
5 or 15 per cent. Kelly, Taylor, and Jones (8) also noticed this. 
Haushalter, Jones, and Schade (9) showed similar results, and 
also pointed out that a concentration of ozone as low as 0.1 per 
cent in the atmosphere will crack ordinary rubber compositions 
stretched a small amount in seconds or minutes as against a period 
of weeks’ exposure to sunlight for the same effect. 


CREEP 


Hahn (7) gives creep data on a tubular shear-type rubber 
mounting. His tests show that the spring deflection under a 
constant load increased from 0.95 in. to 1.24 in. in 540 days. The 
rate of change of deflection with change in time depends upon 
temperature, type of compound and its state of vulcanization, 
and upon the magnitude of the stresses in the rubber. 


TENSILE STRENGTH 
Hahn (7) states that rubber has no clearly defined elastic limit, 
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and that the breaking strength in tension based on the initial 
cross-sectional area ranges from about 1000 to 5000 lb per sq in. 

Hirshfeld and Piron (10) give data for the variation of the 
modulus of elasticity in tension with the amount of stretch. The 
variation is quite large. 

Rubber suitable for mountings shows an ultimate stress of ap- 
proximately 3500 lb per sq in. with elongations of from 500 to 
900 per cent. The load-deflection curve in tension is ordinarily 
S-shaped, as shown by Haushalter (5). 

Hahn (7) points out that the deflection of rubber under con- 
stant tensile load decreases with increase in temperature, so that 
a rubber band supporting a moderate load will shorten as the 
temperature is raised. 

This paper has dealt with static loading only. It is hoped that 
at a later date another paper will be written dealing with vibra- 
tion in rubber mountings. 

The tests performed at the Edward G. Budd Company were 
made almost entirely by J. W. Kelly under the direction of J. 
Ledwinka, with advice from C. L. Eksergian. The author is 
grateful to these men, and to the company, for the opportunity 
to present the data to the public. He is also grateful to the B. F. 
Goodrich Company and to the U. 8. Rubber Products, Inc., for 
permission to use data obtained in their laboratories. 


NOMENCLATURE 
Symbol Units 
A Loading area sq in. 
D Shore hardness number, on durometer 
A scale 

d Deflection of mounting in. 

E, Ez, Ex; Modulus of elasticity in compression _Ib per sq in. 
e Base of Napierian logarithms none 
f Frequency of oscillation sec! 
G Modulus of elasticity in shear lb per sq in. 
h Height of rubber unit in. 
T Thickness of slab in shear in. 
Ww Load on mounting Ib 
R Ratio of long side to short side of slab none 
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Principal Stresses 


A Rapid Method for the Determination of 


Across Sections of 


Symmetry From Photoelastic Data 


By M. M. FROCHT,' PITTSBURGH, PA. 


The author discusses: (a) Mesnager’s theorem of iso- 
clinics, (6) the characteristic curve of tangential stresses 
across a section of symmetry, (c) a formula for the maxi- 
mum tangential stresses for the case of a central circular 
hole between fields of pure tension, (d) the slope of the p 
curve at a point corresponding to a cupic point, (e) re- 
cent improvement in the determination of free boundary 
stresses, and (f) formulas for the position of cupic points 
for two cases. A new method for the determination of the 
principal stresses across sections of symmetry from photo- 
elastic data is illustrated with three examples: (1) Bars 
in tension or compression with central circular holes, (2) 
grooved beams in bending, and (3) rings or disks with cir- 
cular central holes subjected to two concentrated diametral 
loads. 


which has proved very successful at sections of symmetry 

with free boundaries. In such cases good approximations 
can be obtained speedily and simply. The new method is based 
on (a) the laws of equilibrium, (b) Mesnager’s theorem of iso- 
clinics, (c) a relation giving the slope of the p curve at a point 
corresponding to a cupic point, and (d) recent improvements in 
photoelastic technique which make possible the accurate deter- 
mination of the stresses at free boundaries. 


ir THIS paper is presented a limited, approximate method 


MESNAGER’s THEOREM 


An isostatic or stress trajectory is defined as a curve, the tan- 
gents to which give the directions of one principal stress at the 
points where they are drawn. Thus, in Fig. 1 the tangents 
drawn at A, B, and C represent the directions of one of the princi- 
pal stresses at those points. Similarly, an isoclinic is defined as 
the locus of points at which the principal stresses have parallel 
directions. Thus, in Fig. 1, the directions of the principal 
stresses at all points on the isoclinic through point A are parallel 
to the directions of the principal stresses at A. 

Furthermore, in Fig. 1 let the tangential stresses be denoted by 
q and let the orthogonal or transverse stresses be denoted by p. 

Mesnager’s theorem deals with the variations of the q or tan- 
gential stresses, and it states that these stresses reach a maximum 
or a minimum at such points on the isostatic curve where iso- 
clinics intersect it at right angles. Thus, in Fig. 1 the stress q 
along the stress trajectory AE reaches a maximum or a minimum 

_at point B where the angle a equals 90 deg. Point B on the 


1 Associate Professor of Mechanics, Carnegie Institute of Tech- 
nology. 

Presented at the Fourth National Applied Mechanics Meeting of 
THe AMERICAN Society OF MECHANICAL ENGINEERS, held at Pitts- 
burgh, Pa., June 11 to 13, 1936. 
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A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1938, for publication at a later date. Discus- 
sion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those of 
the Society. 
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stress trajectory will be referred to as a cupic point. Mathe- 


matically speaking, Mesnager’s theorem states 


og/ds = 0 


where a = 90 deg.? 


VARIATION OF THE q StrREsSES Across A SECTION OF SYMMETRY 


Consider a section of symmetry such as shown in Fig. 2. 
Such a section is free from shear stresses and the planes of the 
elements facing the plane of symmetry are principal planes. 
Hence, line A-A, shown in Fig. 2, is a stress trajectory of the 
horizontal principal stresses. As in Fig. 1, the tangential stresses 
along the stress trajectory A-A are denoted by gq and those perpen- 
dicular to A-A by p. By Mesnager’s theorem the points A,A are 
cupic points since the vertical edges are isoclinics (of zero parame- 
ter), meeting the stress trajectory at right angles. Further- 
more, since the edges are free boundaries, the points A,A are 
cupic points of minimum g. Moreover, for the case of a central 
circular hole between fields of pure tension or compression, the 
photoelastic stress pattern shows the existence of two more 
cupic points near the hole, that is, points M,M shown in Fig. 2. 

These points M,M correspond to the intersection of the zero 
isoclinic with the axis of symmetry as shown in Fig. 5b. It follows 
that the stresses q, if they exist at all, have zero values at the 
free boundaries and maximum values at points M,M. It is clear 
that the tangents to the q curve are horizontal both at points A 
and M, 

Further analysis shows that |d¢/ds|, the numerical value of 
the slope of the g-curve which is zero at M, increases monotoni- 
cally all the way from M to A’. This follows from the fact that 
A’ is a source of stress concentration so that p-q increases from 
M to A’ and from the further fact that the radii of curvature 
p2 of the intersecting stress trajectories decrease as we go from 
the cupic point M to the source of stress concentration A’, shown 
in Fig. 3. Hence, the right-hand term in Lame’s equation of 
equilibrium 

increases numerically from M to A’; therefore, the slope dq/ds 
also increases numerically in the same direction. Consequently, 
the q curve between M and A isa smooth curve as shown in Fig. 3. 

Similarly, immediately to the right of the cupic point M the 
radius of the curvature drops from infinity to a finite value, 
whereas p-q remains finite. In other words, the denominator 
in the ratio (p-q) /p2 decreases faster than the numerator. Also, 
at M the radius of curvature changes sign. Hence, immediately 
to the right of the cupic point M, the slope 0q/0s is negative and 
increases numerically for some distance. However, as the curve 
approaches point A, shown in Fig. 3, the radius of curvature of 
the orthogonal-stress trajectory again approaches infinity and at 
the same time p-g decreases. Hence, in the vicinity of point A 
the slope of the q curve is negative and diminishes in numerical 
value as A is approached. 


2**Treatise on Photoelasticity,’’ by E. G. Coker and L. N. G. 
Filon, University Press, Cambridge, England, 1931, section 2.29, 
p. 140. 
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The curve shown in Fig. 3 is the characteristic curve of the 
tangential stresses for sections of symmetry having one cupic 
point. 

Maximum VALUES OF THE TANGENTIAL STRESSES 


For the case of a central circular hole in an infinitely large plate 
subjected to pure tension or compression, we have an exact solu- 
tion for the tangential stresses across the section of symmetry. 
Thus, referring to Fig. 2, it follows from Kirsch’s equations that 


Differentiating with respect to z, and putting the derivative 
equal to zero we obtain for 2 the point at which g is a maximum 


$4.5 where tan a=90° 


Srress Trasectrory, ISOCLINICS AND MESNAGER’S THEOREM 


This value decreases for the case of holes in bars of finite 
width. It will be found that in general the gmax stress can be 
approximated by the expression 


Qmax = (3/8)s [1 — 0.6(2r/D)] 


in which s is the average stress across the net section of symmetry, 
D is the full width of the plate, and r is the radius of the hole 
shown in Fig. 2. 

The characteristic curve of the q stresses shown in Figs. 2 and 
3, and determined by consideration of the variation in the radii 
of curvature p2 can also be arrived at by plotting the graph cor- 
responding to Equation [2]. 


Tue or THE p CurvE OvER a Cupic Point 


On the p and (p-q) curves, the slopes at points corresponding 
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to the cupic points (points F and F shown in Fig. 5) are equal. 
Thus, let 


(p-q) = f(x) 
then 
p = f(x) +4 
and 
Op/dx = f’(x) + (0q/dzx) 
At a cupic point 
= 0 
Hence, at such points 
It is also worth noting that 
Op/Ox = 
where f’(x) = 0 


RECENT IMPROVEMENTS IN PHOTOELASTIC TECHNIQUE 


It is well-known that at free boundaries one principal stress 
vanishes so that the remaining principal stress, the one tangent 
to the boundary, can theoretically speaking, be directly de- 
termined from photoelastic stress patterns which furnish the 
maximum shear stresses at all points in the specimen. Actually, 
however, the direct photoelastic determination of free-boundary 
stresses has met with serious technical difficulties. Recent im- 
provements in photoelastic technique have eliminated these 
difficulties so that now it is possible to obtain accurate values of 
principal stresses at free boundaries directly from photoelastic 
data. Fig. 4 is believed to demonstrate this point.* 


Fic. 4 PxHorortastic Stress PatreERN SHOWING BOUNDARIES 
AND BOUNDARY STRESSES 


PosITION oF Cupic Points 


For the case of a central circular hole between fields of pure 
tension or compression, 2» the distances from the center of the 
hole to the cupic point M, shown in Fig. 3, have been deter- 
mined experimentally and are given by the expression 


=r [1.41 —0.41(2r/D)].............. [7] 


in which r and D denote, respectively, the radius of the hole and 
the width of the plate, as shown in Fig. 3. It is interesting 
to note that as 2r/D approaches zero, 2 approaches r./2, which 
agrees with Equation [3]. 

For the case of rings and disks with central circular holes sub- 
jected to two concentrated diametral loads, the position of the 
cupic points can be obtained approximately by the equation 


= 7 [1.4 — 0.25 [8] 


3‘*Photoelastic Studies in Stress Concentrations,’ by M. M. 
Frocht, Mechanical Engineering, vol. 58, August, 1936, p. 485. 
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in which r is the radius of the hole and d is the net length of the 
section of symmetry, that is, d + 2r = D, where D is the outside 
diameter of the disk. 


Conpitions WuIcH THE p CuRVE Must Satisry 
The p curve must satisfy the following conditons: 


(a) It must pass through the end points of the (p-q) curve at 
free boundaries, and in sections having one cupic point only be- 
tween the free boundaries the p and (p-q) curves have no other 
points in common. 

(b) The tangents to the (p-q) and the p curves must be parallel 
over the cupic points. 

(c) The difference between the two curves is a maximum at 
one cupic point, as shown by point M in Figs. 5, 6, and 7. 

(d) The area under the p curve must equal the area under the 
average stress curve. 


APPLICATIONS—-TENSION MEMBER WITH CENTRAL CIRCULAR 


As a first illustration of the proposed method the author will 
determine the principal stresses at the section of symmetry 
through a central! circular hole between fields of pure tension 
or compression, as shown by section A-A in Fig. 5. 

First, lay off the average stress s in fringes on a line per- 
pendicular to the line A-A, which in the case under consideration 
is represented by segment A-C and equals 3.73 fringes. This 
stress s is computed from the equation s = P/2AF, where P, 
A, and F denote the applied load, the net area of the section of 
symmetry, and the fringe value of the model, respectively. The 
area ACC’A’A under the average stress curve, shown in Fig. 5, 
will be denoted by A,; this area is proportional to the applied 
load. 

Next, plot the (p-q) curve, curve I in Fig. 5, which is obtained 
from the photoelastic stress pattern shown in Fig. 5a. The 
area under that curve will be denoted by A. We observe that in 
a tension specimen (p-g) is positive at both points A and A’. 
Since there is no singular point between A and A’, it follows that 
(p-q) is positive at every point along A-A. 

A comparison of the area A; under the average stress curve 
and the area A under the (p-qg) curve, shows A to be less than A;. 
Conditions of equilibrium and the shape of the gq curve already 
discussed necessarily places the p curve above the (p-g) curve at 
every point except points B and D, at which the two coincide. 

We now calculate the value of qmax by Equation [5] and ob- 
tain gmax = 1.151 fringes. This value of gmax we lay off from 
point EF upward to obtain point F, at which we draw a tangent 
parallel to that at #, as shown in Fig. 5. In the case under 
consideration, the vertical edges are zero isoclinics and points A 
are therefore cupic points. Therefore, the p and (p-q) curves 
have also a common tangent at A, which is a horizontal line. 
We then draw curve II in accordance with the conditions dis- 
cussed and measure the area under it. This area was found to be 
17.53 sq in. as compared with 17.58 sq in. under the average 
stress curve for the particular scales used. Curve II is therefore 
a close approximation to the theoretical p curve. 

Curve III in Fig. 5 represents the q stresses and is obtained 
from the differences between curves I and II. They are tensile 
everywhere. 

For purposes of verification of the results, the q stresses 
across the stress trajectory A-A’ were also determined by Filon’s 
graphical integration.‘ The results are shown by the dashed 


4‘*Treatise on Photoelasticity,”” by E. G. Coker and L. N. G. 
Filon, University Press, Cambridge, England, 1931, p. 145; also 
‘Recent Advances in Photoelasticity,"” by M. M. Frocht, Trans. 
A.S.M.E., vol. 53, September, 1931, paper APM-53-11, p. 135. 
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FROCHT—DETERMINATION OF STRESSES FROM PHOTOELASTIC DATA 


curves in Fig. 5. Two curves were determined corresponding 
to the two possible origins, A and A’. The dashed curve on 
the left side of Fig. 5 was obtained with point A as an origin, 
and the one on the right side was obtained with point A’ as an 
origin. Neither curve from graphical integration satisfies the 
boundary condition that qg is to vanish at both A and A’. 


Beam Deep GROOVE IN PurRE BENDING 


A second application of the new method is shown in Fig. 6 in 
which we see the principal stresses p and q across the section of 
symmetry of a beam in bending. The general procedure is 
exactly the same as in the first case, except that here the static 
check is against the applied bending moment which, for the case 
under consideration, was 27.37 in-lb. 

The general shape of the q curve is again determined from the 
zero isoclinic, which is shown in Fig. 6c. The (p-q) curve is 
taken from the stress pattern shown in Fig. 6b. The results 
are shown by the curves II and III in Fig. 6d. 


PRINCIPAL 


STRESSES 
SECTION 


FRINGES 


STRESS FRINGES 


OME FRINGE = 368 (TENS) 
MODEL THICRNESS 0.238 


STRESS FRINGES 


Fic. 5 Principat STRESSES ACROSS A SECTION OF SYMMETRY FOR 
THE Case oF A Bar, With A CENTRAL CrrcuLaR HoLe, IN PURE 
TENSION 


The dashed curves represent the principal stresses across the 
section of symmetry as determined by graphical integration. 
They provide an excellent check on the new method. It is 
interesting to note that the resisting moment from graphical 
integration differs from the bending moment by approximately 
9 per cent, whereas the resisting moment from the trial-and- 
error method differs from the same bending moment by less than 
1 per cent. The p curve was determined to satisfy the known 
resisting moment and the conditions which correspond to the 
cupie points. The q curve was determined from the differ- 
ences. 

The fine line across the section of symmetry in the zero iso- 
clinic is clearly visible in the original negatives but became less 
distinet in printing. This line was therefore drawn in ink for 
clearness. 

The stress distribution on the basis of the flexure formula is 
shown by the straight line A-B. 

The resisting moment was computed by dividing the area under 
the p curve into horizontal strips and adding the moments of the 
forces represented by these strips. 
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CrrcutarR Rines SuBJECTED TO CONCENTRATED DIAMETRAL 


Loaps 


As a last application, consider the stresses in a circular ring 
subjected to concentrated diametral loads as shown in Fig. 7a. 
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Srress Across Secrion A-A oF a Beam, WitH 
GROOVES, IN BENDING 


(Applied bending moment = 27.37 in-lb. Internal resisting moment: By 
new solution = 27.2 in-lb; by graphical integration = 29.8 in-lb.) 
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Here the results from the new method are compared not with 
stresses from graphical integration but with the stresses from 
an exact solution by Timoshenko. The degree of agreement 
can be clearly seen from the full and dashed curves III shown in 
Fig. 7. 


SUMMARY OF GENERAL PROCEDURE OF NEW METHOD As 
APPLIED TO TENSION Bars AND Disks IN COMPRESSION 


1 Calculate the average stress s and determine the area of the 
rectangle formed by it and the base. This we denote by A}. 

2 Plot the (p-g) curve and measure the area under it. This 
area we denote by A. Comparison of areas A and A, determines 
whether the p curve is above or below the (p-g) curve. 

3 Locate the cupic point M shown in Figs. 5, 6, 7 from the 
zero isoclinic obtained photoelastically or by Equations [7] and 
[8] and draw a vertical line through it. The point of intersec- 
tion of this vertical line with the (p-q) curve is designated by E. 

4 Calculate by Equation [5], or assume an approximate 
value of qmax, and lay off from the (p-g) curve a segment E-F 
equal to it. (Fig. 5.) 

5 Draw a smooth curve through points B, F, and D in such a 
way that the tangent at F is parallel to the tangent at Z, since 
the tangents to the (p-q) and p curves at points above the cupic 
point are parallel, by Equation [6]. (Fig. 5.) 

6 Measure the area A’ABFDA’ under the assumed p curve, 
shown in Fig. 5, and designate it as A’; this area must obviously 
equal the area under the average-stress curve. The final solution 
is obtained when the p curve is so adjusted that the areas A’ and 
A, are equal. 


‘Theory of Elasticity,’’ by S. Timoshenko, McGraw-Hill Book 
Company, New York, N. Y., 1934. 
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Creep of Metals at High Temperature 
in Bending 


By E. A. DAVIS,' EAST PITTSBURGH, PA. 


The author develops a theory for plastic bending and 
obtains equations for the creep due to bending. Results 
of tests on a chromium-nickel composition are given to 
show the agreement between the experimental and theo- 
retical results. 


A Puastic-BENDING THEORY 


N THE case of elastic bending of slender beams the assumption 
I is made that cross sections which were planes before bending 
remain planes after the bending load has been applied. This 
is equivalent to saying that the strain at any point along the 
cross section is proportional to the distance of that point from 
the neutral axis. Also, in the elastic state the stress distribution 
along a cross section is linear, due to the proportionality between 
stress and strain. In certain heat-treating or annealing furnaces 
there are members which must withstand bending loads while 
heated to temperatures between 1500 and 2000 F. Under these 
eonditions the material must be considered as plastic rather than 
elastic. In the case of plastic bending where the stress is no longer 
proportional to the strain, but is some function of both the 
strain and the strain rate, it cannot be assumed that the stress 
distribution along a cross section is linear. It has been shown, 
however, that the strain along a cross section is still proportional 
to the distance from the neutral axis.* If « is the strain in the out- 
side fiber and z, is the distance from the neutral axis to the out- 
side fiber, then the strain e, at any distance z from the neutral 
axis is 
6, = «2/2 


By differentiating this with respect to time, the expression for the 
strain rate u = de/dt is obtained as 


where the subscript (), refers to the outside fiber as before. 

In any bending test it is possible to prescribe the external 
bending moment M, the length of the beam J, the shape of the 
cross section of the beam, and the manner in which the moment 
changes along the length of the beam. In this discussion the 
following restrictions will be placed upon these conditions: The 
moment will be constant along the length of the bar (pure bend- 
ing), the cross section will be rectangular so that the thickness is 
constant, the length of each beam will be the same, and the ap- 
plied moment will be constant with time. 


1 Research Engineer, Westinghouse Electric & Manufacturing 
Company. Jun. A.S.M.E. 

2 ‘An Experimental and Analytical Investigation of Creep in Bend- 
ing,’ by G. H. MacCullough, Trans. A.S.M.E., vol. 55, 1933, paper 
APM-55-9. 

Presented at the Joint Meeting of the Hydraulic and Applied 
Mechanics Divisions of THe Society oF MECHANICAL 
EnaIneEErs, held at Cornell University, Ithaca, N. Y., June 25 and 
26, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until May 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Since the beam is subjected to pure bending it will deform into 
the are of a circle and the strain in the outside fiber «, will be 
proportional to the maximum deflection s, or 


The relationship connecting the stress « with the strain e and 
the strain rate u will be assumed to be 


It will be shown later why this power-function relation was chosen 
as being representative of the conditions existing in the material 
in the range of temperatures between 1500 and 2000 F. When 
Equation [5] is applied to any fiber of a beam at a distance z from 
the neutral axis, the stress is 


mon 
o, = Ke,"u, 


By substituting the values of « and wu from Equations [1] and [2], 
the stress can be expressed in terms of o;, the stress in the outer- 
most fiber; that is 


(2 


where o, = Ke,"1%". 

If the material behaves the same in compression as it does in 
tension, the neutral axis will be at the center of the bar and the 
internal or resisting moment for a beam of thickness b will be 


21 
M = » [ o,2 dz 
0 


By substituting the value of o, from Equation [6], this becomes 


min 


M= 


21 


and if the moment M is kept constant during a test, the stress in 


the outside fiber will also stay constant. This means that the 
stress distribution along a cross section remains constant also. 
From Equation [6] it can be seen that if the quantity (m + n) 
is less than unity, the stress in the outside fiber is less than it 
would be if it were computed according to the elastic-bending 
formula. If (m + n) is equal to unity there is a linear stress dis- 
tribution the same as if the material were purely elastic. 
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and the strain rate w will be raha 
[4] 
dt 
o = [5] : 
| 
eng 
(min+l 
which, when integrated, gives for the moment 
5 = m+n+2 
The stress in the outside fiber is ae Ste 
M(m + n + 2) Sgt 
2b 2: 


A-30 


JOURNAL OF APPLIED MECHANICS 


MARCH, 1938 


| 
10 
Strain Rate, in. per in. per hr 
Fic. 1 Retation Between Srress AND Strain Rate aT 1500 anv 1652 F 
Sadi pony bending tests were conducted at 1500 and 1652 F. The material 
te | | | | used was a chromium-nickel composition which was cast in slabs 
about 1'/s in. thick. Tension and bending specimens were ma- 
chined from these slabs and were tested after machining without 
any preliminary heat-treatment. From tension tests at a con- 
= stant strain rate, a relation between the yield stress and the 

per strain rate was obtained. The results are shown in Fig. 1. The 

: 2 - | pnt different strain-rate tests at 1652 F were run on the same test 

= | | a piece. The results of this test are shown in Fig. 2. The value of 

5 mn wens | ls ia = | the stress plotted in Fig. 1 was obtained by taking the value of 

| | the yield stress oo in Fig. 2 where it remains practically constant. 

- \ | | | | | This gives a power-function relation as was assumed in Equa- 

0000557 Bending tests were also made on the same material. A sche- 
| cops matic sketch of the bending-test equipment is shown in Fig. 3. 
=% L | | | | The test specimens were 17 in. in over-all length and had a cross 

| pi aco0e22 | section '/; in. square over the gage length. The amount of bend- 
0 ——~ - - - ing was determined by measuring the difference between the de- 
3 4 > © 5 9 ‘10 2 


Strain in Per Cent 


Fic. 2 Srress-Strain DraGraM aT 1652 F 


In order to obtain the relation between the plastic strain and 
time, Equation [10] can be rewritten as 


a M(m + n + 2) 
or, since u = de/dt 
nada 112) 


This latter equation when integrated by separation of the vari- 
ables becomes 


and if « = 0 when ¢t = 0, then C = 0. The strain-time curve 
can then be expressed as 


[14] 


wal n/(m +n) M(m 2) 1/(m +n) 
\m+n 2Kbz;? 


This shows that in a bending test such as has already been de- 
scribed, the strain, and likewise the deflection, progresses accord- 
ing to a power function of the time. 


where 


Test RESULTS 


In order to check the theory previously described, tension and 


flection at two points each 3 in. from the center. The results of 
the bending test are shown in Figs. 4 and 5. It will be noticed 
that there are considerable discrepancies between the tests. These 


“Dial Gage 
Extensometer 


4... End Heating 
Co//s 


Fic. 3 SKETCH OF THE BENDING FURNACE 


are believed to be due mostly to nonuniformity of the material. 
These deflection-time curves follow straight lines on double 
logarithmic paper, which show that the results are of the same 
nature as would be expected from Equations [3] and [14]. 

Each test was run for a period of approximately one week. 
The results appear to be similar to the 1000-hr test made on 
aluminum and light alloys at room temperature by Sturm, Du- 
mont, and Howell.’ 


3“‘A Method of Analyzing Creep Data,” by R. G. Sturm, C. 
Dumont, and F. M. Howell, Journal of Applied Mechanics, Trans. 
A.S.M.E., vol. 58, June, 1936, p. A-62. 
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DAVIS—CREEP OF METALS AT HIGH TEMPERATURE 
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Discussion OF Test RESULTS 


The combined results of the bending and tension tests seem to 
support the assumptions given in Equation [5]. There remains, 
however, thedetermination of the constants K, m, andn for agiven 
temperature. The solid lines in Figs. 6 and 7 show the results 
of the bending tests after the discrepancies have been removed. 
This was done by plotting the deflections at 2 hr and those at 
150 hr against the applied moment, and approximating the re- 
sults with a smooth curve. These lines all have approximately 
the same slope, which, in these tests, is 0.587. 

The value of n as determined from Fig. 1 is 0.167, but this is 
the value corresponding to large strains. It would be unsafe to 
assume that this value would be descriptive of the region of small 
strains such as are dealt with in the bending tests. Neither can the 
value of m be obtained from the curve given in Fig. 2 due to the 
inaccuracy of the measurements at small strains. However, the 
value of n/(m + n) is 0.587 as obtained from Figs. 6 and 7. 
From Equation [15] the value of 1/(m + n), obtained by plotting 
the value of the intercept B as a function of the moment M, is 
2.54. By combining these two expressions, the value of n is 
0.231 and of m is 0.163 for both temperatures. The dashed 
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1652 F 


lines in Figs. 6 and 7 are obtained from Equations [5] and [14] 
with these values of m and n and with K = 1,267,000 for 1500 F 
and K = 76,300 for 1652 F. 

The plastic-bending test under the power-function relations 
assumed here is essentially a constant-stress test. The stress dis- 
tribution along a cross section is not linear as in elastic bending. 
For example, the stress in the outside fiber, when M = 84, is 
o, = 3220 lb per sq in. for plastic bending as compared to 4030 Ib 
per sq in. for elastic bending. The relationship between the 
two stresses for rectangular shapes is given by 


7% m+t+n+2 

3 
where a, is the stress in the outside fiber for plastic bending and 
o, is the corresponding stress for elastic bending. 
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Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 


In order to satisfy these needs of industry, this section of 


the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


PART 


HIS discussion presents design data based principally on a 
f een of the literature available on the subject of press- and 

shrink-fitted assemblies. As stated in Part I,* considerable 
confusion and misunderstanding exist in the practices being 
followed, and this is an attempt to clarify this problem. 


3 Facrors INFLUENCING ASSEMBLY AND HoLpING ABILITY 


(Sa) Shape of the Axle End and the Wheel Bore, and Prestressing. 
It sometimes becomes desirable to modify the axle end from the 
usual straight cylindrical shape as a means of preventing the 
loosening of the fit in service. The reasons for doing this are (a) 
to improve the entering conditions of the axle, and (6) to obtain 
greater holding ability. 

Entering of the axle into the wheel often causes a scraping or 
wearing away of the metal, and also a permanent set resulting in a 
bellmouth shape on the entering side of the wheel bore. During 
the mounting operation, the bore of the wheel hub opposite the 
entering side actually closes in (10) so that the major portion of 
the hub not yet in contact with the axle restrains the expansion of 
the entering end,* causing hub stresses on the entering side higher 
than those calculated due to the fit. For this reason, we 
often find that the wheel when finally mounted is not in 
contact with the axle at the entering hub side for a distance as 
much as 1 in. where heavy press fits are used, or if contact be 
present the press-fit pressure is very low. 

Such conditions were investigated by Werth (7). He placed 
a fillet or chamfer on the end of the axle or wheel bore, and found 
that such changes on the axle had a considerable influence because 
it is effective during the entire mounting operation, whereas the 
shape of the wheel bore had a lesser effect. A fillet on the end 
of the axle gives 20 per cent more mounting pressure® than a short 


1 Research Engineer, Timken Roller Bearing Company. Mem. 
A.S.M.E. 
? Research Laboratory, Timken Roller Bearing Company. Jun. 


A.S.M.E. 

3 Part I of the design data was published in the December, 1937, 
issue of the JouRNAL oF AppLIED Mecuanics, Trans, A.S.M.E., vol. 
59, p. A-183. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. References 1 to 9, inclusive, were published with part I; 
see footnote. 

5 Similar observations have been made in tests by the authors. 

6 The radius on the end of the axle was 0.1 axle diam, and the 
chamfer used produced a conical end on the axle of 10-deg included 
angle. Other chamfer angles were investigated but showed an in- 


creasing mounting pressure and decreasing holding force as the angle 
was increased. 
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chamfer, but, what is more important, the holding power or de- 
mounting pressure was 20 per cent greater using the chamfer. 

Huggenberger (11) tested a wheel bore and axle wheel seat 

which tapered in their length about 1: 300 and 1: 200, respectively, 
on their diameter. The disadvantages found were that com- 
paratively small axial loosening leads to complete loosening of the 
joint in half of the hub length, and a nonuniform stress distribu- 
tion in the axial direction leads to an inefficient utilization of the 
hub material. Some railroads, however, are mounting driving 
axles having a total taper, on diameter, of 0.010 in. or taper boring 
the wheel about 0.016 in., which is about 1: 800o0r1:500. Another 
method sometimes used is to taper the axle to about 0.005 in. 
diam larger in the last 2 in. of the fit. Still another procedure is 
to make three increasing diameter cylindrical steps on the axle 
fit, each step being about 0.002 in. larger than the other; the first 
step on the end is one half the fit length and the two remaining 
steps are of equal length. 

Huggenberger (11) located a gradually tapered plug on the end 
of the axle which plug had a cylindrical portion the same diameter 
as the axle, and pushed this plug through the wheel ahead of the 
axle. This procedure (a) smoothes the surface of the wheel bore, 
giving a greater area of effective fit between axle and wheel, and 
(b) reduces local deformation at the entering hub face of the 
wheel. The authors have followed a slightly different practice 
in pressing a similar plug through the wheel first, the plug fit 
being two to three times the axle fit, and then mounting the 
wheel on the axle in the usual manner. In the latter procedure, 
the prestressing plug causes considerable residual stresses and 
increases the yield point of the hub material in the region near 
the bore. It was found that this practice increased the holding 
ability of the joint for transmission of crushing stresses. 

(3b) Effect of Lubricant and Method of Assembly. Investigators 
have pressed or shrunk wheels, gears, and hubs on axles using 
various lubricants and fits. Their results are briefly reviewed: 

A considerable number of tests were made (10) pressing cast- 
iron wheels on railroad freight-car axles; the results of these 
tests are shown in Table 4. The axles were turned and the wheels 
bored in accordance with railroad practice. One may conclude 
from this table that the various lubricants used have no appre- 
ciable influence on the ram pressure for the low wheel fits, but 
with higher fits the ram pressure decreases as the amount of pig- 
ment in the lubricant increases. The ram pressure for any one 
lubricant does not increase in proportion to the fits used; also, 
the futility of trying to obtain the necessary ram pressures by 
using heavy fits and thick paints is indicated. Heavy fits pro- 
duce high stresses which cause the hubs to break. 
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Fig. 11 VARIATION IN COEFFICIENT OF FRICTION FOR WHEELS 


HavineG A CERTAIN Fit 


(From mounting records of 792 rolled-steel wheels with the following condi- 
tions: Yield point of wheel material presumably between 50,000 and 60,000 
lb per sq in. (maximum equivalent tensile stress at the bore of the hub varied 
from 28,800 lb per sq in. for a fit of 0.006 in. to 57,600 lb per sq in. for a fit of 
0.012 in.); nominal wheel-seat diameter = 6!/, in.; length of hub seat = 
5\8/i¢in.; and equivalent outside diameter of the hub = 10%/¢ in.) 
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Fie. 12 Variation IN WHEEL-MounTING TONNAGE FOR WHEELS 
Havine A CERTAIN Fit 


(From a record of 792 rolled-steel shew, with the same conditions as given 
in Fig. 11.) 


The authors analyzed the records of the mounting of 792 rolled- 
steel wheels on 6'/,-in. diam axles’ where a good turned and 
bored finish and the A.A.R. lubricant mixture were used. The 
data are summarized in Figs. 11 and 12, which are self-explana- 
tory. The decrease in the calculated coefficient of friction with 
increasing fit, as shown in Fig. 11, probably means that, at the 
higher fits, the actual press-fit pressure, at least at the entering 
end of the bore, was less than the calculated pressure used in ob- 
taining the coefficient of friction from the mounting tonnage. 
According to the laws of friction (4), the actual coefficient of 
friction, at the high pressures used in making press fits, should 
not be affected by variation in press-fit pressure. 


? Axle assemblies made by Timken Roller Bearing Company on 99 
car sets of roller-bearing freight-car trucks. 
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TABLE 4 MOUNTING PRESSURES FOR CAST-IRON 700-LB CAR 
WHEELS ON 61/2-IN. DIAM AXLES? 


Fit al- Boiled Lubricant mixture, lb of white lead, 
low ance linseed gal of boiled linseed oil 
(wheel on oil 
axle), in, 121/3:-1 20-1 25-1 30-1 60-1 
-—Mounting pressures, ton per in. of axle diam— 
Min 7.53 4.88 6.93 6.62 5.40 
Max 7.53 10.45 6.93 6.92 8.95 
0.006 Avg 7.53 7.55 6.93 a 6.77 7.20 
No. of tests 1 11 1 = 2 6 
in 5.07 9.68 5.38 
0.011 Max on 12.60 9.68 7.68 
v 2 9.25 9.68 6.68 
No. of tests ara 4 1 3 
in 13.04 10.45 6.00 
0.021 Max 13.04 10.45 7.68 
Avg 13.04 10.45 6.84 
No. of tests 1 1 2 
Min si 10.77 10.00 
0.032 Max ee 15.38 10.00 
No. of tests 3 aa 1 


ween furnished by the Association of Manufacturers of Chilled Car 
eels. 


TABLE5 COMPARATIVE —_— VALUES GIVEN BY WERTH 


Lubricant 
Fit per inch Machine Rape Tallow Dry 
of axle diam oil oil 
Friction values, per cent 

0.003 in.: 

Pressed on......... T 100 100 55 100 

Premed Of. . 105 110 200 147 
0.011 in.: 

rr 100 85 64 112 

Pressed off........... 128 185 120 94 
0.033 in.: 

100 88 73 115 

72 98 51 50 


“See reference (7) in the Bibliography of part I of this paper. 


TABLE 6 HUGGENBERGER'S (11)? TEST RESULTS SHOWING 
THE EFFECTS OF FIT AND SUCCESSIVE MOUNTINGS ON THE 
RAM PRESSURE REQUIRED FOR ASSEMBLY AND DISASSEMBLY 


-—Ram pressure, tons per in.— 
of axle, diam®> 


Fit per Number of Max loosening Max Friction coefficient 
in. of times foree————~ assembly for disassembly 
axle diam assembled Start Moving Force Start Moving 
0.0008 in.* 1 10.53 8.67 8.67 0.122 0.101 

2 9.17 6.70 6.70 0.106 0.078 

0.0016 in.? 1 13.40 9.30 9.30 0.155 0.108 

2 13.63 9.43 10.30 0.158 0.109 

3 13.40 10.92 12.02 0.155 0.126 

a 4 17.35 15.85 15.62 0.201 0.184 

2 13.63 11.16 10.66 0.158 0.129 

3 16.12 13.02 13.27 0.187 0.151 

4 17.35 15.37 14.50 0.201 0.178 

5 13.63 11.16 10.66 0.158 0.129 

6 14.90 12.02 12.02 0.172 0.139 

7 13.40 11.28 12.28 0.155 0.131 

8 13.15 10.17 9.92 0.152 0.118 

0.0031 in.* 1 20.10 17.35 20.854 0.233 0.201 
Conical 1 7.44 4.96 6.70 “én <i 

11.16 7.18 8.31 a 


@See reference (11) in the Bibliography at the end of the paper. __ 

bAfter each disassembly, the contact surfaces were smoothed with a file 
and emery paper. This may account for the fact that the ram pressures 
were in some cases considerably lower than for the previous assembly. 

¢The hub did not yield at this fit because the material had a yield strength 
of 30,000 lb per sq in. 

dThe hub yielded slightly in the bore layers. 

¢The hub yielded half way through the section. 

‘This maximum pressure occurred when the hub wes half way on, and 
dropped evenly to 14.38 with the wheel on. 


TABLE 7 BAUGHER'S (4)? COEFFICIENTS OF FRICTION FOR 
PRESSED AND SHRUNK ASSEMBLIES ‘ 
Coefficient of friction 
Min Max Avg 
(a) Assembly of 62 press fits; lower values due 
to hub yielding as a result of a too large 


(b) Pressing four steel axles of 51/4 in. diam and 
175 Brinell hardness into a cast-steel 
Pressing off the pressed-on spider......... 0.120 0.150 0.137 
Pressing off the shrunk-on spider......... 0.160 0.170 0.165 
(c) Pressing 15 axles of 6!/is in. diam into gears, 
both of which were steel having a hard- 
ness of 170 Brinell...............-..-. 0.075 0.250 0.150 
(d) Pressing steel gears off steel shafts having 
tapered fits, where the mean diameter 
was in.: 
When the parts were pressed together..... 0.150 0.210 0.177 
When the parts were shrunk together... .. 0.210 0.230 0.220 


@ See reference 4 in the Bibliography of part I of this paper. 
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Werth (7)* pressed ground steel pins about */,4 in. diam into 
steel rings having reamed bores, and obtained the comparative 
friction values given in Table 5. For each fit, the pressing-on 
force using machine oil is considered as 100 per cent. The effect 
of various-diameter fits on the mounting pressure and holding 
ability is given in Figs. 8 and 9.8 

Huggenberger (11) pressed S-in. diam ground-steel axles into 
16-in. diam cast-steel rings, the bores of which were ground and 
a mixture of 0.10 per cent linseed oil and 90 per cent tallow was 
used in pressing them together. Table 6 gives the results ob- 
tained, from which we find for elastic fits that the coefficient of 
friction is 0.12 to break the fit and 0.10 for motion in assembly or 
disassembly. For tighter fits, these coefficients increase slightly.* 

Baugher (4)* reports the results of many tests which are sum- 
marized in Table 7. In these tests the fit surfaces were ground 
and a mixture of white lead and machine oil was used. Also, in 
torsion tests on 2!/:-in. diameter shafts, it was found that com- 
plete slip was obtained for coefficients of friction from 0.25 to 
0.33. Initial slip at the hub face from which the shaft projects 
begins at a torque which is much lower than the torsional holding 
ability, i.e., the ultimate torque required to produce complete 
slip. The torque required to produce initial slip is practically 
independent of the length of fit, except for very short fits, and is 
affected by the radius of the fillet which joins the hub seat on the 
shaft to the projecting portion of the shaft.® 

MacGill (13) assembled 200 press fits and calculated coefficients 
of friction ranging from 0.077 to 0.33 for steel axles in steel hubs, 
and 0.053 to 0.30 for cast-iron hubs; the average for all tests 
was 0.17. 

Sawin (14) pressed 5/;.-in. to 8'/,-in. shafts in hubs. Both 
parts were hardened steel and the surfaces were ground and rape 
oil was used as a lubricant. Baugher (4) calculated coefficients 
of friction for Sawin’s tests as being 0.054 to 0.22 with an aver- 
age of 0.11. 

Streiff (15) pressed steel shafts in gray-cast-iron hubs, using 
various lubricants. Expressing the maximum assembly force 
as 100 per cent, using mineral oil, the other lubricants gave: 
Vaseline, 84 per cent; one-quarter tallow plus three-quarters 
linseed oil, 57.5 per cent; one-half tallow plus one-half linseed oil, 
46 per cent; tallow, 36 per cent. 

Unger (16) found that tallow gave about one half the ram 
pressure, and thin fluid tallow about one quarter of that obtained 
when a lubricant of linseed oil was used. The disadvantage of 
both tallows was that the low holding force indicated by the 
demounting pressures was about the same as the mounting ton- 
nage. 

Russell (17) made tests using 1'/,-in. diameter steel pins 
pressed 0.0008 in. tight into steel collars. The ram pressure in 
assembly, per inch of axle diameter, gave for rape oil, 3.39 tons; 
sperm oil, 3.55 tons; cutting lubricant, 3.95 tons; graphite and 
engine oil, 4.25 tons; Texaco oil, 6.38 tons; and Bayonne oil, 
9.00 tons. When these parts were shrunk together with a 0.001- 
in. fit and a dry surface, it required 19 tons per inch of axle diame- 
ter to break the fit; whereas, if rape oil were used in the shrink 
fit, 5.67 tons were necessary. Thus, the dry shrinking produces 
a joint having 3.35 times the holding power of the lubricated one, 


* Huggenberger (11) determined the contact pressure by inte- 
grating the area under the curve showing the elastic portion of the 
measured tangential strain in the hub plotted against the radius. 
The coefficients of friction given in Table 6 are based on the calculated 
contact pressure in order to facilitate comparison of Huggenberger’s 
results with others given in this paper. Therefore they differ some- 


what from the values given by Huggenberger for the same tests. 

§ This question is considered in the discussion of reference (4)4 by 
J. Mansa who points out the similarity between the problem of trans- 
mission of torque by a press-fit joint and the problem of torsion of a 
shaft of variable diameter (12). 
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while for another series of tests Russell reported this value as 
being eight times as much. By cooling the pin with liquid 
oxygen before assembly, demounting pressures per inch of axle 
diameter of 3.37 tons for a frosted surface, 2.28 tons for rape oil, 
and 13.90 tons dry were obtained. Tests in torsion indicated 
that press and shrink fits using rape oil gave about the same 
coefficient of friction, but dry-shrunk surfaces gave values about 
2°/, times as great. Some turbine builders!’ use a mixture of 
graphite and mercury to obtain a coefficient of friction which is 
lower than tallow for axial assembly where heavy fits are re- 
quired to prevent loosening due to centrifugal forces (18). 

(3c) Surface-Finish Conditions. Ram pressure or coefficient 
of friction may be influenced by (a) the degree of smoothness of 
the surface, (b) straightness in the axial direction, and (c) round- 
ness of the surfaces of the mating parts. Shop practices usually 
permit a high surface finish to be attained more easily than 
straightness or roundness. A.A.R. specifications (2)4 permit 
0.002 in. out of roundness on the axle and the same on the 
wheel bore. Investigators (7, 11, 17) report greater irregularities 
in (6) and (c) than in (a). 

Sawin (14) concludes that the more exact the ground-and- 
polished finish of the surface the larger the pressure required, and 
that a rough-turned surface requires considerably less pressure 
than a ground one. Baugher (4) comes to contradictory con- 
clusions from a large number of tests giving an average friction 
coefficient of 0.086 for ground shafts and bores against 0.091 
when either member was ground and the other finish-turned, 
rough-turned or bored, a difference of only 6 per cent. 

It is customary practice in railroad shops always to give less 
fit allowance on members having ground surfaces than for 
turned surfaces in order to meet a specified mounting tonnage. 
It is sometimes considered that the pressing operation shears the 
tops of the tooth-like surface of a turned finish and that the re- 
maining portions of the teeth dovetail after the wheel is seated, 
giving a greater holding force than if the members were ground or 
polished. Tests do not confirm this belief, and it is expected that 
there is a limit to which a rough surface may be used because, 
while both types of surfaces may give the same mounting ton- 
nage, the dismounting tonnage or holding ability would be ex- 
pected to be larger for the smooth fit. Fig. 37 of Werth’s paper 
(7)* shows a photomicrograph of how the individual grains in the 
reamed bore of a ring were bent over in the direction of pressing 
when the ring-bore layers were stressed above the yield point due 
to a heavy fit. Each deformed grain acts like a plow when press- 
ing off the ring, and favors the formation of furrows and scaling 
when the inclination of the grains is reversed in disassembly. 

Schmaltz (19)"! shows by photomicrographs how these teeth 
in the surface finish yield locally (microgeometric condition) 
long before yielding occurs ip the hub bore. He also shows 
the results of tighter fits which develop yielding of the 
wheel bore (macrogeometric condition). His studies indicate 
that, due to leveling off of the teeth, the actual measured fit 
allowance should be reduced when calculating stresses and 
strains, by an amount which will vary depending upon surface 
roughness. 

(3d) Effect of Repeated Assembly. It is often desirable to press 
off and remount such parts as wheels and gears, and the question 
arises as to whether this practice is advisable. 

Thirty tests are reported (10) where new cast-iron wheels were 
remounted as many as five times on the same 6'/;-in. diam axles 
without remachining. The fitted surfaces were turned and bored. 
This investigation showed that where the same quality of lubri- 


© See discussion by H. L. Guy in paper by Russell (17). 

11 A review of Schmaltz’s book was published in Mechanical Engi- 
neering for November, 1935 (20); several photomicrographs of press- 
fit joints are reproduced on p. 824. 


= 
{ 
2 
~ 
4 
: 
es 
; 
gg 


HORGER, NELSON—PRESS- AND SHRINK-FITTED ASSEMBLIES 


cant was used the tendency was for a slight increase in ram pres- 
sure on the second, third, and even fifth remounting. In case 
heavy lubrication was used on the original mounting, the second 
and third remounting resulted in a very material increase in ram 
pressure. ‘The dismounting pressure also increased or was about 
the same with successive remountings. 

Similar findings were reported by Unger (16) for remounting 
tests made by pressing new and old cast-steel and rolled-steel 
railroad-car and locomotive wheels on axles about 6 to 8 in. 
diam with fits of 0.005 to 0.013 in. The fitted surface was either 
ground or ground and polished, and linseed oil was used. A 
typical example may be cited from these tests where the axle 
was pressed into the same wheel as many as 21 times with the 
assembly force remaining the same or becoming greater than for 
the previous assembly, and the dismounting pressure always re- 
maining higher than the mounting tonnage. The fit was origi- 
nally 0.013 in. and decreased to 0.009 in. at the second mounting, 
0.008 in. at the seventh, and 0.007 in. at the twenty first, with 
practically all this change taking place in the wheel bore and 
only about 0.0004 in. on the axle. The tests quoted from Unger 
(16) consisted of continuous assembly and disassembly, but when 
a delay of one day occurred after demounting then the assembly 
force, as well as the following disassembly force, decreased; 
however, both forces increased again in the usual way with 
further pressing. 

Huggenberger’s (11) test results given in Table 6 also show 
that remounting gives satisfactory ram pressures. 

(3e) Material and Heat Treatment. The effect of hardness of 
material, its chemical composition, and whether it is cast, forged, 
or rolled apparently have little effect on the coefficient of friction 
compared to other variables (4).‘ 

Wheels are purchased to certain material test specifications, 
but unfortunately the test specimen selected does not always 
represent the properties of the material in the hub section. 
Russell (17) gives tests on specimens cut from the hub section to 
show that the material has lower strength values than antici- 
pated. Other tests which have come to the attention of the 
authors also indicate that a similar condition sometimes exists 
with cast-steel-wheel centers when certain foundry practices and 
heat-treatment result in poor structural and porosity conditions. 
In such cases, heavy fits must be used to obtain the required 
mounting pressure at a sacrifice of holding ability. Under such 
conditions the permanent set in the wheel bore is a large percent- 
age of the total fit allowance. 

(3f) Length of Setting Time. According to Werth (7),* if one 
presses the axle out of the hub immediately after assembly, the 
ram pressure is 25 per cent lower than for a setting time of two 
days, and after two months no noticeable additional increase in 
holding force could be observed. Baugher (4)‘ also reports an 
increase in the ram pressure required to break the fit if the as- 
sembly be allowed to stand for several days, but no comparative 
values are given. 

It may be of more practical importance to know how service 
life affects the demounting tonnage. Unger (16) reports data 
to show that railroad-car and locomotive-driver wheels pressed 
off after 2 to 40 years in service gave demounting tonnage about 
two to three times that in mounting. These same wheels were 
then pressed on and off the axles several times as a matter of test 
and ram pressures were obtained in all cases; this test leads to the 
conclusion that old wheels may be safely remounted. 

(3g) Constant and Alternating Loading. Little is known about 
the holding capacity of a fitted assembly in resisting the action of 
impact and alternating forces. Werth (7)* reports that his tests 
showed no difference in assembly whether constant or alternating 
forces were applied, but in disassembly oscillating loads loosened 
the fit at lower ram pressures than did a constantly increasing 
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load. Werth states that the maximum assembly force, and not 
the maximum static force required to break the fit, is the limiting 
value of the holding ability for both axial and torsional oscillating 
forces. This fact would suggest that the designer should use the 
moving coefficient of friction to determine the holding ability of 
joints when alternating forces are acting. 

Another practical factor concerning which quantitative test 
results are not available, is the decrease in holding ability when 
the axle is subjected to bending stresses such as are present under 
service conditions. 

(3h) Velocity of Assembly. Werth (7)* made his basic tests 
pressing a pin in a ring at a velocity of 5/4 in. per second, but 
investigated other velocities. Fits up to 0.0025 in. per inch of 
axle diameter show an assembly force of 100 per cent for a velocity 
of 5/g,in., about 75 per cent for in., and 50 per cent for 
in. The force required to press apart changed little with the 
velocity of assembly. 


4 Faure or AXLE 


Much has been written (21, 22, 23, 24, 25, 26) about the weak- 
ening effect of press-fitted members when the axle is subjected to 
fatigue stresses. The axle develops fatigue failure in the wheel 
fit near the end of the press or shrink fit. Briefly, the designer 
should consider that the axle will break off at a bending stress in 
fatigue of between 12,000 to 18,000 lb per sq in., depending upon 
materials and loading. Surface cracks will develop at about half 
these stresses but will not propagate unless higher stresses are 
present. Some methods of improving this strength are obtained 
by raised wheel seats, hub relief grooves, and surface rolling, also 
discussed in the references mentioned in this paragraph. 

Cases will arise in practice where it is necessary to investigate 
not only the possibility of failure of the shaft of a force-fit joint, 
but also the strength of the outer member. Theoretical and ex- 
perimental investigations of the stresses in the spokes and tires 
of tight-fitted wheels will be found in the literature (27, 28, 29, 
30, 31). 
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Discussion 


The Leakage of Gases Through 
Narrow Channels’ 


E. 8. Dennison.? The left-hand portion of Figs. 6 and 7 of the 
paper represents the region of laminar flow for the cases where e 
= 0 and e = h, respectively. In this region the friction coeffi- 
cient has the form \ = B/Re, and the author has found experimen- 
tally, and expressed in Equation [25] of the paper, the values B 
= 15 when e = 0, and B = 9.6 whene = h. 

As a rule in simple cases of laminar flow, there is good agree- 
ment between calculated and experimental results. The most 
common case is that of a circular tube, for which by calculation 
= 64/Re. It is known that up to the critical point this ex- 
pression also represents, with satisfactory accuracy, a wide variety 
of experimental data. Now, if one derives similar expressions 
for the case of narrow crevices between two cylinders, they are 
found to be as follows: Fore = 0, = 24/Re; fore = h,dA = 
9.6/Re; that is, in the fully eccentric position, flow is found to 
increase in the ratio 5/2. 

Comparing with the author’s experimental results, the figures 
agree for the case e = h, while in the concentric case e = 0, there 
is a rather large discrepancy. The author’s result for \ corre- 
sponds to a rate of flow 60 per cent in excess of that which can be 
explained under the laminar assumption. It would be of interest 
to know what is the probable explanation for this. The most 
obvious one is that the plug was in an eccentric position. Then 
flow would be expected to increase in the ratio [1 + (3/2)(e/h)?]. 
To account for the difference, it is necessary that e/h = 0.63. 
This condition is an unlikely one in view of the accurate control 
provided in the apparatus. 

Laminar flow is of little practical consequence for the leakage 
of steam, the subject covered ably in the author’s paper. In 
other cases, laminar flow is encountered; for example, in that of 
longitudinal oil flow through pressure-lubricated bearings where 
the Reynolds number lies in the range 1 to 10. It would be of 
interest to know whether the author has confirmed his results in 
the viscous region by tests using a liquid, such as water or a light 
oil. 


1 By Adolf Egli. Published in the June, 1937, issue of the Jour- 
NAL OF APPLIED Mercuanics, Trans. A.S.M.E., vol. 59, 1937, p. 
A-63. 

2 Engineer in Charge of Diesel Engine Development, Electric Boat 
Company, Groton, Conn. Mem. A.S.M.E. 


A second point concerns the location of the critical region. 
For a circular pipe Recrit = 2000, approximately, in which Re 
= Dw/v = 4 r'w/v, where r’ is the hydraulic radius. For the 
narrow crevice r’ = h/2, and the Reynolds number may be re- 
defined as Re’ = 4 r’w/v = 2 hw/v = 2 Re. The author’s 
critical values then become 


For e¢ = 0, Re’crie = 2000 
For e = h, Re’crit = 1576 


The second case is a special one, due to the variable width of 
crevice. But from the first result it appears that when correlated 
in terms of the hydraulic radius, the critical region for a uniform 
narrow annulus nearly coincides with that for a circular pipe. 
The same conclusion would apply to a space between flat parallel 
plates. 


AUTHOR’s CLOSURE 


As may be seen from the scattering of the points in Figs. 6 and 
7 of the paper the accuracy of the laminar tests with air has been 
rather inadequate. This may have been due to oil vapor and 
moisture always present in the air from the shop compressors. 
Unfortunately no time has been available to improve this con- 
dition. 

The theoretical ratio °/, of the laminar flows with e = h and 
e = 0 as mentioned by Mr. Dennison, is based on the assumption 
that all stream lines are parallel with the channel axis. In the 
eccentric case the flow lines actually deflect from the narrow side 
of the channel over to the wider side thus undoubtedly decreasing 
the ratio to some amount less than 5/3. 

A similar analysis carried out for turbulent flow gives a ratio 
2.4/2 which figure does not seem to be verified very closely by 
the tests represented in Fig. 8 of the paper. 

The concept of hydraulic radius, while not on a strictly rational 
basis, permits of correlating empirically many different types of 
channel cross sections. Its application, however, appears to 
give reasonable success only for such channels where the stream 
lines are substantially parallel to the channel axis. This is ob- 
viously not the case between the cylindrical stem and bushing 
in an eccentric position. While the hydraulic radius r’ = h/2 
of the narrow annulus is independent of the eccentricity e, the 
resistance \, as the tests and even simplified theoretical considera- 
tions show, does depend considerably on e. 

In conclusion, the author wishes to emphasize that the main ob- 
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jective of the paper has been to show the fundamental correlation 
between the various types of flow of compressible and incompress- 
ible fluids. While the fluid density and with it the fluid velocity 
may change considerably, even to such an extent as to reach the 
critical value, it is, with the use of Fig. 4 of the paper, no more 
difficult to calculate the pressure drop of a gas in a narrow chan- 
nel than it is to compute the pressure drop of a liquid in the same 
channel. The resistance coefficient \ may be taken from any 
test with a liquid on which a great deal of literature is available. 


A Theory of Sharp-Edged Orifices' 


Ronap B. Smirn.?- The author has performed a clever piece 
of curve fitting, and yet by its empirical nature there is certain 
to be reluctance in its acceptance. Faced with the problem of 
selecting a coefficient for an orifice, one prefers to work directly 
from the experimental data rather than from a functional rela- 
tionship, unless the function represents the most probable sta- 
tistical result that can be derived from the experimental informa- 
tion. From the author’s figures there is some indication that his 
curves fall below rather than on the mean, so that the advantage 
of an empirical curve (fitted from arithmetic considerations) over 
one fitted by eye is doubtful. 

The fact that a set of data may be represented by a mathemati- 
cal function does not per se throw any light on the basic phe- 
nomenon that governs the function. In every hydrodynamic 
problem, we can generalize to the extent of neglecting inertia at 
the low Reynolds numbers and friction forces at the high Rey- 
nolds numbers, so, that in this respect the author follows common 
practice. However, for the region between these extremes there 
is no simplification which can be called “rational.” For instance, 
in this region there is no more reason for supposing that the loss 
in head varies as the 1.5 power of the velocity and that the con- 
traction is nil than there would be in arbitrarily assuming that 
the loss varied with the 1.25 power and that the contraction varied 
in some other manner. In addition, the representation of a 
discharge coefficient as the product of a velocity coefficient and 
a contraction coefficient, while common, cannot be rigorously 
supported inasmuch as the two coefficients are not independent. 

The fact that the author’s analysis is applicable only to an 
orifice in an infinite region and apparently, cannot be applied 
without a fundamentally new set of assumptions to the problem 
of an orifice in a pipe, seems to indicate that the fundamental 
premises are more arbitrary than rational. Its analytic value 
would seem, therefore, to be subject to question. 


AutTHorR’s CLOSURE 


As indicated by the title of the paper the functions presented 
by the author are derived from theory and are not intended to 
replace empirical values. The author has explicitly disclaimed 
them as curves of best fit. 

The chosen relation between the coefficient of contraction and 
the coefficient of velocity is not purely arbitrary as Mr. Smith 
appears to assume but is based upon a momentum analysis, a 
reference to which is given in the author’s paper. This particular 
relation being assumed, the 1.5 power (or a power close to that) 
in the chosen function of coefficient of velocity follows as a nec- 
essary consequence. For example, the 1.25 power suggested by 
Mr. Smith would not yield values for the coefficient of discharge 
which agree with the known values nearly so well throughout the 
entire range of the data. 


1 By W. E. Howland. Published in the June, 1937, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 59, 1937, 
p. A-53. 

2? Turbine Engineering Department, Elliott Company, Jeannette, 
Pa. Jun. A.S.M.E, 
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That the method of analysis here presented is not applicable 
to pipe orifices is more apparent to Mr. Smith than to the author. 

Why Mr. Smith should dispute the notion that the coefficient 
of discharge is the product of the other two coefficients is not 
easy to understand inasmuch as this relation is purely one of 
definition. 

The validity of this study can be clearly established or dis- 
proved only by more and better empirical values of the coefficients 
of velocity and contraction, references to which the author would 
greatly appreciate. 


End Reactions and Stresses in Three- 
Dimensional Pipe Lines' 


Wituram Hoveaarp.? The principle on which the end re- 
actions are determined in this paper is fundamentally the same 
as given previously* by the writer, but the authors’ computations 
are arranged differently. This is very important because of the 
complexity of the problem and the elaborateness of the calcula- 
tions. In the writer’s paper,’ the formulas were developed by in- 
tegrating the rotations and deflections from one end of the pipe 
system to the other; finally, complete algebraic expressions for 
each of component rotations and displacements were given. 
Evidently there are several ways of arranging the work, and the 
method presented by the authors seems very practicable and 
attractive. 

The authors propose to deal with each section of the pipe 
separately, considering one end of the section as fixed and de- 
termining the local rotations and displacements of the other. 
The sum of each of the local component rotations gives the total 
component rotations of the free end. The local displacements are 
summed up in the same manner, but to the displacements of the 
free end so obtained must now be added those caused by the fact 
that each of the local rotations acts with a certain leverage on the 
free end. 

By this method, each section of the pipe is treated as a separate 
problem, which is worked out for each one of the terminal reac- 
tions as if it alone existed. The only difficulty is the determina- 
tion of signs and directions, which are apt to cause errors, but 
this difficulty is inherent in the problem. Long mathematical 
expressions are avoided, and when the computations are carried 
out in prepared forms as here proposed, the method seems to be 
very convenient. 

The method of dealing with skew sections as given in the auxil- 
iary tables seems clear and simple. 

A similar, although somewhat different method has been de- 
veloped by H. C. E. Meyer, chief engineer of Gibbs & Cox, Inc. 
and has been applied to the steam piping in many destroyers and 
other vessels. This method is based on the solution for plane 
pipes given in another paper‘ by the writer. Mr. Meyer like the 
authors, deals separately with each section of the pipe, but in- 
stead of solving at once for all three coordinate planes, he con- 
siders the deformation of the section in each one of these planes 
separately. Take, for instance, the XY-plane and consider a 
quarter bend, whether parallel with, normal to or skew relative 
to that plane. As in case of a plane bend, only the forces P, Q, 


1 By G. B. Karelitz and J. H. Marchant. Published in the June, 
1937, issue of the JouRNAL or AppLieD Mecuanics, Trans. A.S.M.E., 
vol. 59, 1937, p. A-68. 

2 Professor Emeritus, Massachusetts Institute of Technology, 
Brooklyn, N. Y. Mem. A.S.M.E. 

3 ‘*Stresses in Three-Dimensional Pipe Bends,’”’ by William Hov- 
gaard, Trans. A.S.M.E., vol. 57, 1935, paper FSP-57-12, pp. 401-415. 

4‘‘Deformation of Plane Pipes,” by William Hovgaard, Journal 
of Mathematics and Physics, vol. 7, no. 3, 1928, pp. 198-238, Massa- 
chusetts Institute of Technology. 
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and the couple W, with axis normal to the plane, are considered. 
The rotation at the end of the section is determined as in the 
paper under discussion, but the displacement is at once referred 
to the end of the pipe; that is, for each differential element of the 
pipe the leverage is taken to the free end. Thus, the local dis- 
placements, which are an important feature in the paper under 
discussion, are eliminated. In this way Mr. Meyer obtains by 
a simple summation for all the sections, the total rotation for the 
whole pipe in the X Y-plane as well as the X- and Y- displace- 
ments in that plane. The same procedure is followed for the 
YZ- and ZX-planes, and then the total component rotations and 
displacements can be obtained as produced by each of the forces 
P, N, and Q and each of the couples U, V, and W. This furnishes 
the six equations given in Table 22 of the paper under discussion. 

In order to facilitate the computations, a form is prepared for 
each of the commonly occurring sections in each one of their 
principal orientations relative to the system of coordinates. On 
these forms are given the algebraic and numerical values of the 
coefficients of the forces and couples, and thus much labor is 
saved. 

A further and considerable simplification is obtained by neg- 
lecting all the secondary rotations that occur in the bends. 
Secondary rotations are such as are normal to the couples which 
produce them. A careful investigation and several test calcula- 
tions seemed to show that this approximation is permissible. 

On the whole, the writer believes that this method is somewhat 
simpler than that proposed by the authors. 


E. J. McBrive.' The Westinghouse Electric & Manufacturing 
Company has avoided the analytical solution of this problem 
because of the imposing amount of calculations involved, not the 
least of which was the solution of the six simultaneous equations 
similar to those of Table 22 in the paper under discussion. A 
method has recently been devised by the writer which obviates 
the necessity of these six equations, although it does require the 
calculation of the thirty-six influence factors used therein. This 
method is as follows: 


1 Given the thirty-six influence factors as defined and desig- 
nated in Table 1 of this discussion, and the values of the free- 
end displacements due to temperature expansions A,, A,, and 
A,; the reaction forces R,, R,, and R,, and the reaction moments 
My, My, and Mz, are to be calculated. 


TABLE 1 INFLUENCE FACTORS USED IN CALCULATING 
STRESSES IN PIPE LINES 


Linear deflection in Rotation about the 


direction of the axis axis 

zx y z z y z 

aXz a@Xy Oxx OXY 


2 Apply a unit force F, in the z-direction. This causes the 
three linear deflections a,,, a,,, and a,,; and the three angular 
deflections and 6,7. 

3 Now apply three moments (X x, Xy, and Xz) of such values 
that the sum of their angular deflections about each axis will 
equal the rotation about that axis due to the unit force Fz. 
These moments may be obtained from the following equations 


6.x = Xx Oxy + Xy Oyxy + Xz Ozx 


6,y = Oxy + Xy Oyy + Xz Ozy {1] 
= Xx Oxz + Xy Oyz + Xz 


5 Turbine Engineering Division, Westinghouse Electric & Manu- 
facturing Company, South Philadelphia Works, Lester, Pa. 
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The linear displacements due to moments Xx, Xy, and X, are 
readily calculated 


Xy + Xy ay, + Xz az, 
a’,y = Xx ay, + Xy ay, + Xz az, Seevescinas [2] 
Ons = Xx ay, + Xy ay, + Xz az, 


4 If the foregoing unit force and its complementary mo- 
ments are now combined, the net angular deflection due to this 
unit force is found to be zero, and the linear deflections are 


5 The foregoing procedure is to be repeated to obtain similar 
restraining moments for the unit forces in the y- and z-directions. 
Each of these forces will then give three linear displacements but 
no angular displacements. The linear displacements form a new 
set of nine influence factors as given in Table 2 of this discussion. 
TABLE 2_INFLUENCE FACTORS FORMED BY LINEAR DISs- 

PLACEMENTS FOR CALCULATING STRESSES IN PIPE LINES 


Linear deflection in direction of the 
axis 


z 
Due to unit force in Ass ‘ Aes 
direction of the axis y “uz Ayy vs 
z Agr Ag Aus 


6 The values of the end reactions may be found from the 
equations 


A, a R, A,; + R, Ae + R, iis 
by @ B, Ag, +B, Ag, +B Meg [4] 
4, = R, A,, + R, Ay, + R, Ag 


The reaction moments are obtained as follows 


— My =R, +R, R,Zx 
— My = R, Xy +R, Yy + R, Zy [5] 
— Mz = R,X,+ Rk, +R, 


This method, as can readily be seen, consists of the solution of 
four sets of three simultaneous equations together with some 
simple multiplications. This is a much shorter procedure than 
any solution of six simultaneous equations with which the writer 
is familiar. If, as seems evident from the paper under discussion, 
the six simultaneous equations are used, and if they have no 
simple solution, then the suggestion outlined by the writer may 
be of some value. 


Sasin Crocker. During the past 25 years so many articles and 
technical papers have been published dealing with the flexibility of 
pipe bends and pipe lines that each succeeding contribution calls 
for careful scrutiny as to whether it actually adds anything novel 
to the subject. Less than two years ago Hovgaard presented a 
paper® on stresses in three-dimensional pipe bends which, with 
the discussion’ that followed, cited, summarized, or otherwise 
touched on most of the material on piping flexibility published 
during the preceding decade. A hasty scanning of these refer- 
ences indicates that nearly 1000 printed pages of presumably 
original work on the flexibility of piping have been published 
within that time, approximately 200 of which were published by 
the A.S.M.E. This count does not cover the preceding era in 
piping flexibility studies extending from the investigations of 


¢ Engineer, Detroit Edison Company, Detroit, Mich. Mem. 
A.S.M.E. 

7 Discussion of the paper ‘‘Stresses in Three Dimensional Pipe 
Bends,”’ by William Hovgaard, Trans. A.S.M.E., vol. 58, July, 1936, 
pp. 391—400. 
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Th. von K4rman,$ reported in 1911, through the 1922 paper by 
Crocker and Sanford® which served to interest English speaking 
engineers in applying mathematics to determining the flexibility 
of pipe lines. 

As pointed out by the writer and others in the discussion’ of 
Hovgaard’s paper® there are three fundamental methods of pro- 
cedure for solving such problems: (1) Analytical solutions 
wholly dependent on mathematics; (2) the grapho-analytical 
method using bending-moment diagrams and area moments as an 
aid to mathematics; and (3) graphical solutions using the princi- 
ples of projective geometry wholly or in part. There also are 
available, of course, in the form of tables and charts the pre- 
calculated results for certain predetermined shapes and sizes 
which were calculated originally by one of these three methods 
listed above. The relative advantages and disadvantages of 
each of these methods for solving three-dimensional problems 
were pointed out by Crocker and Hendrickson? in discussing the 
Hovgaard paper, and attention called to the time saved through 
using a precalculated solution where such exists for the shape in 
question. 

The method of solution used by the present authors is essen- 
tially the same as in Hovgaard’s three-dimensional problem,?’ being 
wholly of an analytical or mathematical nature. They do go a 
step further, however, in carrying the solution through an over-all 
pipe line consisting of five tangents and four bends in three- 
dimensional space, while Hovgaard confined his demonstration 
to three tangents and two bends in three-dimensional space. 
Apparently no new principles are involved, although the mechani- 
cal labor of carrying through a solution for the longer line has 
been correspondirigly increased. 

The example of a three-dimensional problem with a skewed 
portion given by the present authors appears to have been worked 
out for an actual pipe line. In view of the relatively low forces 
shown on Table 22 it is questionable whether so rigorous a solution 
need have been employed. It is usually sufficient to choose the 
simplest method of solution which will insure keeping the react- 
ing forces and bending moments within certain allowable values. 
Neglect of the extra flexibility of the portion skewed at an angle 
of 6 deg would seem justified in a practical problem. 

The authors have indicated their forces as thrusts in the direc- 
tion of expansion rather than as reactions opposing displacement. 
While there is no serious objection to adopting this practice, aside 
from possible confusion with more conventional procedure, the 
authors should be consistent in adhering to one system or the 
other. For instance, since the title of their paper is “End Reac- 
tions and Stresses in Three-Dimensional Pipe Lines,” rather than 
“Thrusts and Stresses in Three-Dimensional Pipe Lines,” the 
reader naturally would expect the paper to deal with reactions as 
distinguished from thrusts. Also, if the writer has correctly in- 
terpreted Fig. 2 of the paper, the force N, using the authors’ 
directional system, should be shown as acting in the opposite 
direction to that given. Or, if used in the sense indicated, it 
would seem that the computed value for force N in Table 22 
should be negative. Actually, force N is given as positive in 
Table 22 while Q is given as negative. Some explanation of the 
significance of these signs and the reason for lack of consistency 
in the representation of forces seems called for. A more obvious 
inconsistency is the designation of the vertical force as N in 
Fig. 1 and as Q in the text. See last line on page 68.! 

Some explanation by the authors of what they feel they have 
demonstrated would seem in order since they have neglected to 


die Forminderung diinnwandiger Rohre, insbesondere 
federnder Ausgleichrohre,’’ by Th. von Karman, Zeit. V.D.J., vol. 
55, November, 1911, p. 1889. 

9**The Elasticity of Pipe Bends,’’ by Sabin Crocker and §S. S. 
Sanford, Trans. A.S.M.E., vol. 44, 1922, pp. 547-598. 


state wherein they consider their method of solution to be either 
novel or superior to other methods now in use. Their treatment 
of an arc and its tangents together as a single unit gives an apparent 
simplicity to the formulas, but does not affect the labor involved 
in making a solution. Also, it destroys the advantage of visualiz- 
ing the rotations and deflections of the component parts in the con- 
ventional way adopted by most authors dealing with this subject. 

A statement by the authors of the time required to solve their 
sample three-dimensional problem involving nine elements with 
a skewed portion would be of interest to those contemplating 
similar feats. It would seem that a solution of this type could be 
justified only in exceptional cases where space limitations re- 
quired minimum dimensions and the end fixity, expansive move- 
ment, and temperature conditions were accurately known. For 
most practical cases, a square-corner approximation neglecting 
the skewed angle should be entirely adequate. 


J. D. Conrap. It appears that the authors have not made 
full use of Maxwell’s reciprocal theorem in checking the calcula- 
tion of the various coefficients. In addition to the nine pairs given 
in Table 21, it should be noted that six other pairs should be 
equal. In order to designate these pairs, let us number, from top 
to bottom, the equations in Table 22. We will then identify 
each coefficient by the symbol of the unknown force or moment 
with which it belongs, plus a subscript which will correspond to 
the number of the equation from which it is taken. For example, 
the first coefficient in the first equation will be P;, the second Mj, 
ete. The additional six pairs which should be identical are as 
follows: Vi; = = Ws, Uz = V3, Na = Ps, Qa = Ps, and 
Qs = Ns. For the given example there is fair agreement in each 
of these pairs except the first, where V; = 0 and W;2 = 1.9. 

With this difference in V; and W2, and the difference between 
609 and 1205 in the first pair of the third column in Table 21, the 
writer would question the value of further computation until 
these obvious errors are corrected. Furthermore, it has been the 
experience of the writer on similar types of problems that it is bet- 
ter deliberately to make approximately equal pairs of coefficients 
exactly equal before proceeding with the calculations. This may 
be done by taking the average of the two calculated values. This 
precaution is necessary as the final values of the forces and mo- 
ments often appear as small differences between large quantities 
and a small variation in two coefficients which should be identical 
may completely upset the final result. 

For a number of years, the Westinghouse Electric & Manu- 
facturing Company has used a method of pipe calculation very 
similar to the one given in this paper. The solution is very 
laborious, and we have found it difficult to complete the work of 
even a simple three-dimensional system without arithmetical 
error. Even with the full use of Maxwell’s reciprocal theorem, 
there remain six coefficients without any check within themselves. 
Independent computation by a second party is necessary for these 
six values. Furthermore, it is our experience that, even after 
the computation of the coefficients, the solution of the six equa- 
tions given in Table 22 is still a very laborious task. Do the au- 
thors have any short cuts to the solution of these equations? 

As a result of these difficulties we have abandoned the analytical 
method and now determine the end reactions and moments in 
three-dimensional pipe systems by model tests.1' Bending mo- 
ments through the remainder of the system and all stresses are 
still obtained by calculations. This, however, is a relatively 
simple task after the end moments and reactions are known. The 
testing apparatus is neither complicated nor expensive. Its 


10 Mechanical Engineer, Turbine Division, Westinghouse Electric 
& Manufacturing Company, South Philadelphia Works, Lester, Pa. 

11 The method for testing models was worked out by H. W. Semar 
and will be published at a later date. 


i 
he 
: 
| 
Ae 
7 
| 


A-40 


adaptation to any pipe model is quite simple. The models are 
made of seamless steel tubing. This is available in a sufficiently 
large variety of sizes to make the models very near to scale in 
diameter and wall thickness as well as length. The use of tubing 
for models gives the full effect of elliptic deformation in the bends. 
This would not be obtained if solid rods were used. In general, we 
have found model testing not only more satisfactory but also less 
expensive than the analytical method. 


D. B. Rossuei.’? The calculation of complex or multiplane 
pipe bends is now a matter of routine in the mechanical division 
of the company with which the writer is connected. By setting 
up a standard method of computation, the possibility of error 
is reduced and by checking each step, the time loss involved is 
limited to correcting that particular portion. This standardiza- 
tion has evolved several simplifications which have shortened 
considerably the time required. The pipe line on which the 
authors have presented their calculations required 20 hr for 
computation and 10 hr for checking, a total of 30 hr. 

From the engineers (Sanderson and Porter) of the station we 
have found that the outside diameter of the pipe line discussed 
in the paper is 12.75 in., and its wall thickness is 1.294 in., and 
also, in a private report from one of the authors, G. B. Karelitz, 
that the value of the modulus used was 22.5 X 10* and that the 
flexibility factor was 1.132. It would appear that the authors 
have used the minimum wall thickness in arriving at the bending 
stress, and the writer has followed the same procedure and has 
used the foregoing figures together with the end movements given 
in the paper to obtain the following results, using the authors 
representation of forces and movements as given in their Table 22: 


P= 109 Ib U = _ 10608 in-lb 
N= 372 lb V = 110820 in-lb 
Q = —-1199 Ib W = 39624 in-lb 


These results check fairly closely those given by the authors. 

We are now able to handle more complex pipe lines involving 
three or more points of fixation, and similar problems in a reason- 
able length of time. 


AvuTuors’ CLOSURE 


The authors did not pretend to present a new method for de- 
termining the end reactions of three-dimensional pipe lines, rather, 
as stated in the conclusion “a suggested scheme of computation 
of end reactions and moments in three-dimensional pipe lines 
which may be of assistance to those interested in similar prob- 
lems.’”’ The basic equations and derivations were presented not as 
original, but were given merely to show the structure of, and to 
clarify the computation plates. This should have been obvious 
to a man as experienced in the art as Mr. Crocker. These details 
were not pointed out due to “‘space limitations”’ mentioned in the 
introduction. 

It seems that the problem of properly mounting the end of 
pipe lines is due to the difficulty of counteracting the reaction 
moments rather than the reaction forces. Due to the consider- 
able moment leverage, the moments in the pipe line studied are 
sufficiently large to be significant in spite of the fact that the cor- 
responding forces are relatively small. Their accurate computa- 
tion was justified by the strict specifications of the boiler manu- 
facturers. 

It is hoped that the Kellogg Company and Gibbs & Cox, Inc. 
will publish their routine forms. At the present time, in view of 
the absence of better ones, the authors feel that the forms pub- 
lished in this paper have a real practical value. 


12 Mechanical Engineer, M. W. Kellogg Company, Jersey City, 
N. J. Mem. A.S.M.E. 
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The suggestion of Mr. McBride is interesting and may save 
some time in those cases in which there is relative rotation of 
one end of the pipe line with respect to the other. Usually, how- 
ever, this is not the case, and the right-hand members of the three 
rotation equations Table 22, are all zero. This greatly simplifies 
the solution of the resulting six simultaneous linear equations, 
reducing the process essentially to the solution of two systems of 
three equations each. The determination of end reactions by 
model testing as briefly described by Mr. Conrad is most sugges- 
tive. However, the construction of a suitable test apparatus can 
be justified only when a large number of pipe lines are to be in- 
vestigated. Otherwise, the use of tables such as those given in 
this paper or those referred to by Dr. Hovgaard and Mr. Ross- 
heim will prove more economical. 

The authors are gratified that this discussion has brought 
before the Society other schemes for determining end reactions 
of pipe lines which are now in use in various industrial organiza- 
tions. It is hoped that these organizations will make these 
methods available to the public by suitable publication of them. 


Working Stresses for Members Sub- 
jected to Fluctuating Loads’ 


H. N. Hix.? Obviously, the author’s interest lies primarily 
in the application of the maximum shear energy theory to fatigue 
strengths under combined stresses. From the title of the paper, 
however, the engineer interested in design might properly have 
expected to find something more directly applicable to his prob- 
lems. As the author has suggested, much experimental work 
remains to be done in determining the fatigue characteristics of 
metals under combined stresses. Even the subject of repeated 
direct stresses has by no means been exhausted. In this latter 
field, however, sufficient work has been done to provide a logical 
basis for the choice of a working stress. In Fig. 2 of the paper. 
in which the author has plotted ratios of fluctuating stress to 
endurance limit against the ratios of mean stress to ultimate 
stress, considerable scatter among the points and variation from 
the straight line may be noted. While a straight line might rep- 
resent the relation between the range of the endurance-limit 
ratio and the ratio of mean stress to ultimate stress for some 
materials, it is not to be expected that the same simple relation- 
ship will hold for all materials. The shape of the curve repre- 
senting this relation is as much a function of the fatigue char- 
acteristics of a material as is the endurance limit determined for 
complete reversal. Both of these should be made available to 
the engineer for the different materials which he uses in his de- 
signs. In some materials, the curve showing the relationship 
between the range of fluctuating stress and the mean stress is 
considerably different from the straight line shown in Fig. 2 of 
the paper, and designs based on this straight-line relationship 
are decidedly uneconomical. In Fig. 1 of this discussion, the 
writer has plotted curves showing the relation between the fluc- 
tuating stress and the mean stress for a common high-strength 
wrought aluminum alloy. It will be noted that a series of curves 
is shown, giving the fatigue characteristics of the material based 
on different numbers of cycles of the fluctuating stress. These 
data are essential to an intelligent design, since it is a part of the 
designer’s job to estimate the number of reversals to be encoun- 
tered in service. 

In Fig. 1 of this discussion the points Y, Y’, S, and S’ mark the 
yield strengths of the material in tension and compression. The 


1 By Joseph Marin. Published in the June, 1937, issue of the 
JouRNAL oF AppLieD Mecuanics, Trans. A.S.M.E., vol. 59, June, 
1937, p. A-55. 

2 Research Engineer, Aluminum Company of America, New Ken- 
sington, Pa. 
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straight lines joining the corresponding points bound the region 
in which the maximum stress does not exceed the yield strength. 
The shaded areas mark the regions in which the maximum stress 
is limited by either the yield strength or the fatigue strength of 
the material. The lines Y-A and Y’-A correspond to the line 
C-A in Fig. 2 of the paper. The difference between these lines 
and the upper boundary of the corresponding shaded region is 
evident. 

It is noticeable in Fig. 1 of this discussion that the maximum 
range of fluctuating stress does not always occur for a complete 
reversal but, based on 500,000,000 cycles, occurs when the fluc- 
tuating stress is superimposed on a mean compressive stress of 
about 15,000 Ib per sq in. It might seem from the figure that 
this behavior is connected with the greater compressive yield 
strength. The same behavior has been encountered, however, 
in at least one other wrought aluminum alloy in which the yield- 
strength values were the same in tension and compression. 

Some engineers think of varying stresses in terms of a mean 
stress and a maximum stress. The data shown in Fig. 1 of this 
discussion have been replotted in this manner in Fig. 2 of this dis- 
cussion. This figure corresponds to the Fig. 3 of the paper. 
Here again the shaded areas indicate the regions in which the 
maximum stress is limited by either the yield strength or the 
fatigue strength of the material. The difference between de- 
signing on the basis of the experimentally determined fatigue 
characteristics and the assumed straight-line relation between 
maximum stress and mean stress of Fig. 3 of the paper can be seen 
directly in Fig. 2 of this discussion. On the basis of 500,000,000 
cycles of stress, with a mean compressive stress, the experi- 


mentally determined relation will permit allowable maximum 
stresses about 12 per cent greater than would be indicated by the 
straight line A-Y’. The difference is even greater if the design is 
based on a smaller number of stress cycles. 

The question of the factor of safety to be used, or more cor- 
rectly, the reductions to be made in the fatigue-strength data 
given in Figs. 1 and 2 of this discussion in arriving at values for 
working stresses, is one that might well be left to the discretion 
of the designing engineer. The choice will depend on the exact- 
ness of determination as well as the nature of the loads and ser- 
vice conditions, and it will obviously involve considerations 
not ordinarily encountered in designs which deal only with static 
loads. 

There is another essential in designing for fluctuating loads that 
cannot be emphasized too strongly. Without a knowledge of the 
distribution of the stress, in the element being designed, a knowl- 
edge of the proper working stress for the material is of little value. 
It would be unsafe to use a riveted joint designed for repeated 
loads and so proportioned that the average stress on the net sec- 
tion corresponds to the safe working stress as determined from 
direct-stress-fatigue tests on specimens of the material used. 
Such a design neglects the concentrations of stress at the rivet 
holes and their effect on the fatigue strength of the joint. In 
certain types of design for repeated stresses involving nonuni- 
form stress distributions, use can be made of stress-concentration 
factors previously determined in any one of many different man- 
ners. In other cases, however, such as the riveted joint, the 
most direct and satisfactory approach is an experimental deter- 
mination of the fatigue strength for typical designs. 
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AuTHOR’s CLOSURE 


Mr. Hill is correct in pointing out that a straight-line relation 
between the range of the endurance limit ratio and the ratio of 
the mean stress to the ultimate stress does not apply for some 
materials. This assumption was made by the author in order to 
formulate working stress values in the case of combined stresses. 
It is justified on the basis that for the tests studied, the straight- 
line relation is on the safe side of the test results. If a linear re- 
lation is not used the mathematical formulation becomes im- 
practical. 


Torsion of Rectangular Tubes’ 


Epwarp Apams RicHarpson.? These tests are helpful in ob- 
taining an insight into the torsional behavior of thin-wall tubes 
of other than circular cross section. They also serve to show that 
equations based entirely upon the behavior of a solid body may be 
highly misleading when such a solid may be imagined to be made 
up of several flat strips. It seems well to consider qualitatively 
the nature of the theory of thin-wall rectangular tubes formed of 
flat strips. 

For convenience, a point of reference is taken at the A end of 
the tube looking toward the testing machine, with the outer 
edge to the right and the inner edge to the left, for the considera- 
tion of the top plate of the tube. In this position, the author 
found that local failure occurred along a longitudinal line near 
the right-hand edge. 

A simple rectangular strip subjected to simple twisting has its 
highest shear stresses near the center of the long sides of the cross 
section and high stresses near the center of the short sides, ap- 
proximately zero shears at the corners and along the central line, 
and the shear stresses on lines parallel to the long sides are nearly 
constant until the ends are approached. This is quite different 
from the wall of a one-piece tube in which the shear is greatest 
along the outside surface and decreases in straight-line fashion 
to the lower stress of the inner surface. 

A simple rectangular strip as part of a tube is subjected to a 
sidewise bending widthwise of the strip so that end A of the top 
surface moves to the left relative to B, and conversely for the 
bottom strip. This action produces high longitudinal compres- 
sive stresses at the left-hand edge, high tensile stresses along the 
right-hand edge, and a maximum longitudinal shear along the 
center. In addition, the edges of the strip are curved relative to 
the center longitudinal. This effect of simple torsion produces 
tensile forces in all outer parts of the strip toward the edges and 
compressive longitudinal forces in the central region. 

To produce this twist, forces normal to the strip must be dis- 
tributed along the edge. To produce the bending, transverse 
tension forces in the plane of the strip are required, distributed 
along the edge. 

Considering the adjacent edges of two adjacent and substan- 
tially perpendicular strips, one strip has an edge under high com- 
pressive stresses due to bending in the plane of the strip, while the 
other edge is under equally high tension. To make the strips 
act as a solid, shearing forces must be distributed along this edge 
sufficient to prevent the deformation of one edge relative to the 
other. It is not hard to estimate the total of such forces as 
summed up along the edge of the strip. 


1 By William Hovgaard. Published in the Sept., 1937, issue of 
the JouRNAL oF AppLIED MeEcuanics, Trans. A.S.M.E., vol. 59, 1937, 
p. A-131. 

2 Associated with Bethlehem Steel Company. Junior member 
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Any adequate theory of the actual stresses must provide for 
imperfect fixation of adjacent edges. A slight slip permits a 
material change in the character of the whole stress system in such 
a tube. 

If the vicinity of the right-hand edge is considered, it is found 
that two sets of longitudinal tensions are added, while near the 
left-hand edge stresses of opposite sign are combined. It should 
not be surprising, then, if the 100-pound load of Fig. 4 should 
show an unsymmetrical shear curve with a maximum toward 
the outer edge. 

In Fig. 10 of the paper it should not be surprising that loads of 
350 lb and above show a central parabolic law, such as might be 
typical of shearing distribution in a rectangular beam, when slight 
edge yielding occurs. 

Any slight yielding must make a great difference in the stress 
system and in the observed angle of torsion, for the one-piece 
tube is relatively of enormous strength and stiffness compared 
with a faggot of four strips in torsion. Hence the important 
problem is not so much the various stress components noted, but 
the stress variations in the immediate vicinity of the joined edges. 
Minor variations in corner form may, perhaps, greatly modify 
the behavior of the tube as a whole. 

In view of the rather wide changes possible in stress fields, it 
seems necessary to plot the principal stress lines much more ac- 
curately at successive loads. This means that the calculation 
of stresses from the strains on the 45-deg diagonals can be materi- 
ally in error. 

Since the stresses at the inner edge of a corner of the sharpness 
of those found in the tubes tested are many times the average 
stresses, yielding starts here early. Instead of the overstressing 
of the inner surface suggested in Fig. 1, it is much more probable 
that the tendency to multiple-strip action will relieve the shear 
on the inner surface and avoid the condition suggested. Fig. 9 
exhibits no such tendency. 

It should be remembered that the combination of high shear 
and moment upon an I beam leads to a maximum principal 
stress at a line on the beam web well out from the center and 
close to the flange. This is the case, almost identically, for the 
strain-line failures of Fig. 3. 

These suggestions may prove helpful to those who desire 
to investigate the theory of torsion of such members further. 
They should also serve as a warning to those who build up struc- 
tures to take torsion that the slightest slip in the joints may 
seriously reduce the strength of the structure as a whole. Per- 
haps the wisest course to pursue is to avoid all sharp corners in 
such members, using bends of a radius several times the thickness 
and placing the joints well away from the corners themselves if 
possible. 

Those who are interested may find valuable suggestions in 
the researches of Sterling John$on, which have been carried 
on at Lehigh University. These researches deal with the tor- 
sional behavior of I-beam sections, all in cooperation with Bethle- 
hem Steel Company. 


AUTHOR’s CLOSURE 


The remarks of Mr. Richardson suggest a new method of 
analysis. No doubt this problem is insufficiently explored. 
Perhaps secondary stresses play a greater part than commonly 
assumed, in which respect, attention is drawn to the discussion 
given by Prof. 8S. Timoshenko in his “Strength of Materials,” 
part I, pp. 87-91. See also Saint Venant’s discussion on axial 
displacements in his Memoire “La Torsion des Prismes,”’ chapter 
8. 


\} 


k 
f 
i 


3 
T 
r 
re 
ie 
a 
I 
q 
4 
7 
we 


Book Reviews 


The Problem of Noise 


Tue Prosiem or Noise. By F. C. Bartlett, M.A., F.R.S. Pro- 
fessor of Experimental Psychology in the University of Cambridge. 
With a preface by C. 8S. Myers, C.B.E., F.R.S., principal of The 
National Institute of Industrial Psychology. The Macmillan 
Company, London, 1935. Cloth, 4'/4 X 6%/« in., x and 87 pp., 
$1.25. 


REVIEWED By A. L. Kimpaw! 


HE PROBLEM of noise in recent years has become rather 

pressing; on the one hand, because the advance of the arts 
requires that we live in the presence of more and more noise and, 
on the other hand, because there has developed at the same time 
“a noise consciousness” among the public, so that they have be- 
come very critical. 

For those who have been carried away with the idea of the 
great harmfulness of noise, it should be of particular interest to 
know Professor Bartlett’s stand: That the harmfulness of noise 
has been much exaggerated. This comes with especial authority 
from one who is an expert in experimental psychology and who 
has had long experience in the separation of opinions and facts 
in order to draw correct conclusions. 

The general conclusion, briefly stated, is that the effects of 
noise on hearing are not serious except in extreme cases, or when 
a diseased condition of the ear already exists. 

Furthermore, experiments on the influence of noise on per- 
formance in industry, as in office or factory work, tend to show 
that the lowering of production efficiency is not so great as gener- 
ally supposed. All individuals tend to become adjusted to noise. 
It is the intermittent or sudden noises that are harmful rather 
than the steady tones. Anything which holds the individual in 
suspense, such as expectation of a sudden acoustic shock, is 
destructive of concentration and efficiency of work, but an under- 
tone of music or a waterfall may even be helpful. 

Without going into great detail, Mr. Bartlett has given a good 
idea of the difficulties that arise in drawing conclusions from ex- 
periments both physiological or psychological; for example, 
doubt as to the source of the noise and lack of familiarity with it. 

In the light of what has just been said one might question 
why the many noises of present-day civilization are considered as 
objectionable as they are. Apparently, a large percentage of the 
population is little affected by noise, but those that are affected 
feel very strongly about it. This group represents individuals 
who are susceptible to noise usually because of being run down 
physically; in fact, Professor Bartlett makes quite a point of this 
aspect of noise complaints. 

There is an implication on page 8 that the type of noise meter 
which integrates the noise energy is of little value. In the engi- 
neering work with which I am connected this has not been found 
to be the case at all. Such noise meters have proved very valu- 
able indeed in spite of skepticism on. the part of a large number of 
engineers. This has been made possible through the use of weight- 
ing networks whereby the frequencies which are less easily 
heard by the ear are correspondingly cut off from influencing the 
microphone. Although it is recognized that this does not com- 
pletely take care of the mask effect, the results of a large number 
of tests show that instruments of this kind are the most satis- 
factory type of sound-measuring device that we have. 


1 Engineering General Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 


In the latter part of the book the matter of control of noises 
is briefly considered. First, the value of “ear defenders” applied 
to the ear itself is taken up, and second, means of prevention of 
outside air-borne noises at the source, and third, means of reduc- 
tion of noise through absorption and screening. 

The first of these means is admittedly unsatisfactory and can 
only apply in special cases such as in artillery practice or during 
sleeping hours. 

The second is one which engineers are working on at the pres- 
ent time, although progress is difficult, in that certain processes 
necessary to civilization, such as the riveting of steel structures 
and the use of compressed-air hammers, are extremely noisy. 

To those who are concerned with the sale of acoustical wall 
materials and felts, the use of these materials in the absorption 
of noise is well known and in some cases they can be effectively 
applied. 

It is possible that some who read this book may feel that the 
harmful effects of noise have been underestimated. This would 
be an unsafe conclusion to draw without more scientific data 
on the subject than we have. There are many noises, however, 
which because of the fact that they are easily avoidable are an- 
noying. For example, why sit in a restaurant with the noise 
level 20 decibels higher than would be the case if a small per- 
centage of the wall area were covered with suitable absorption 
material? Again, why listen to the hum of a single-phase motor 
when it is well known that a correct design and inexpensive 
suspension will eliminate this? Such considerations as these 
bring the problem of noise into the field of competition between 
manufacturing concerns who wish to make their products as 
perfect as possible. 

In his summary, the author concludes that far more can be done 
by private education than by public restrictions. For example, 
those who have to sound warning noises should use greater con- 
sideration for their neighbors, and the builder and the architect 
should take into account the most up-to-date means of sound 
reduction. 

“Town-Planning”’ should be made with the noise problem in 
mind and scientific research should be encouraged. Even though 
these things be satisfactorily accomplished, it is felt by Dr. 
Bartlett that there will still be plenty of individuals who will 
object to the noise that remains. 


Vibration 


BESONDERE AUFGABEN AUS DER DYNAMIK IM SCHIFFSMASCHINEN- 
BETRIEB. By Dipl.-Ing. Wilhelm Fesenfeld, V.D.1., Bremerhaven. 
Dr. Max Jiinecke Verlagsbuchhandlung, Leipzig, 1936. Paper, 
53/4 X 8! in., 64 pp., 49 figs., rm 2:10. 


AUFSCHAUKELUNG UND DAMPFUNG VON SCHWINGUNGEN. By Dr.- 
Ing. Otto Féppl, Professor, Technical High School, Braunschweig. 
Julius Springer, Berlin, 1936. Paper, 53/4 X 83/qin., vi and 121 
pp., 72 figs., rm 6:90. 


REVIEWED By F. M. Lewis? 


HE FIRST of these books is a short one intended only as an 
elementary exposition of the more important dynamical 


problem of the marine engineer. The topics touched on are 
engine balance, torsional vibration, vibration of ships, and trans- 


2 Professor of Marine Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 
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verse vibration of turbines. The treatment of engine balance 
while short, is satisfactory; but the compression of all the other 
topics into 36 pages appears too brief to give any real compre- 
hension of the problems involved. 

The book which is entitled volume 2 of Féppl’s, ‘“Grundziige 
der Technischen Schwingungslehre,” 1933, covers a variety of 
topics which have been subjected to development since the publi- 
cation of the older work. 

The chapters of greatest importance cover the subject of damp- 
ing coefficients and the influence of the form of the normal elastic 
curve upon the amplitude of torsional vibration in multicylinder 
engines. It is shown by numerical example how in a particular 
case with a change in the dimension of the generator shaft the 
amplitude of the two-noded criticals could be made negligible. 
This is accomplished in part by shifting the nodal point nearer to 
the center of the engine so that the effects of the various cylinders 
tend to cancel and, in part, by rendering the shaft material more 
effective in damping. 

Particular interest also attaches to a detailed discussion of the 
rubber-cylinder type of damper with design calculations for sev- 
eral types of engines. A brief discussion is given of transmis- 
sion-line vibration with examples of dampers. 

The book concludes with a short and unsatisfactory chapter on 
the action of gyroscopes and the rolling of ships. Here is found 
the fantastic (at least to this reviewer) suggestion that at certain 
speeds the properly timed artificial rolling of a ship might con- 
ceivably so influence its wave pattern as to reduce its resistance, 
or that in a twin-screw ship artificial rolls synchronized with speed 
increases or decreases of the engines might improve its propul- 
sive coefficient. 


The Story of Human Error 


Tue Story or Human Error. Edited by Joseph Jastrow, D. 
Appleton-Century Company, New York, 1936. Cloth, 6 X 91/4 
in., xvii and 443 pp., illustrated, $3.50. 


REVIEWED BY C. RICHARD SODERBERG? 


"= STORY of Human Error’ presents a collection of 16 

independent essays, written by outstanding men in each 
field, and endeavoring to expose the errors and false leads which 
have been the characteristics of each field of science. After an 
introduction by the editor entitled ‘The Procession of Ideas,” 
the field of knowledge is divided into two main branches, World 
and Man. The former is divided into “The Cosmic Realm” 
(Harlan T. Stetson, Kirtley F. Mather, John Leighly), ‘“The 
Physical Realm” (W. F. G. Swann, Eric T. Bell, Charles A. 
Browne), and “The Living Realm” (Howard M. Parshley, Homer 
W. Smith, C. Judson Herrick). The latter carries an introduc- 
tion entitled “The Process of Civilization’ by James Harvey 
Robinson and is divided into “The Human Realm” (Joseph 
Jastrow, Ralph Linton, George Malcolm Stratton) and ‘The 
Applied Realm” (Harry Elmer Barnes, Howard W. Haggard, 
Abraham Meyerson). 

A deliberate chronicle of man’s errors in his various fields of 
scientific endeavor is a novel undertaking, but since scientific 
advance invariably has represented the substitution of new and 
“true” concepts for old and “erroneous” ones, the various essays 
are nothing other than brief reviews of the historical development 
of different branches of science. It isa tribute to the editor, as 
well as to the individual authors, that this enormous field has been 
presented without confusion in a comparatively limited volume. 

Whether intentionally or not, the subject matter is grouped 
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in a manner which gives the reader a vivid impression of the 
difference in degree to which these errors have persisted. The 
modern man will derive no end of amusement from Columbus’ 
misconception of the extent of the Atlantic, Aristotle’s miscon- 
ceptions about gravitational attraction, or Stahl’s phlogiston 
theory, but he will purchase dentifrices on claims by its manu- 
facturers, which differ from those of documents from the Middle 
Ages only by being based on modern theories of salesmanship, 
not to mention the fact that he is sometimes ready to die for dog- 
mas of racial superiority which never did have scientific sanction. 

The editor apparently did not consider worth-while an essay 
on “Errors in Engineering.” As a part of the Applied Realm, 
however, a review of the errors committed in engineering would 
have been less interesting than those of medicine only in the 
sense that they have had less direct influence upon men’s lives. 

The world is sorely in need of appreciation for the precarious 
stuff of which truth is made. ‘Only those who have themselves 
worked in the research laboratory can realize how many false 
starts, how many ruefully if promptly abandoned schemes and 
hypotheses, how many prematurely published and quickly re- 
pudiated conclusions, mark the esoteric history of even pro- 
ductive lines of research ...”’ (page 199, Parshley on “Errors in 
Zoology”). This series of essays can serve a worth-while pur- 
pose by instilling into men a little of the veneration for truth, 
which is the fundamental creed of the scientist. 


Fatigue of Metals 


WIRKUNG VON DRUCKVORSPANNUNGEN AUF DIE DAUERFESTIGKEIT 
METALLISCHER WERKSTOFFE. By Dr.-Ing. Gerhard Seeger. V.D.I. 
Verlag, Berlin, 1935. Paper, 6 X 8!/«in., 56 pp., 49 figs., 13 tables. 


REVIEWED By C. W. MacGrecor* 


hres AUTHOR describes a series of tests on the subject of 

the fatigue of metals which were carried out as a dissertation 
in the materials testing laboratory of the Technische Hoch- 
schule at Stuttgart under the supervision of Professor Siebel. 
The particular object of these tests was to study the effect of 
precompressive stresses on.the fatigue limit. Hollow specimens 
were precompressed by means of a threaded shaft placed inside 
the test pieces with nuts on the ends. Experiments were then 
made separately under additional torsion and bending stresses 
using both smooth and notched specimens. Three types of 
materials were investigated, namely, cast iron, carbon and alloy 
steels, and Lautal which is an aluminum alloy, Si 1, Cu 4, and 
Al 95 per cent. The effects of corrosion by water were also 
studied in this connection. The number of cycles used to deter- 
mine the fatigue limits in each case was 10 million for the cast 
iron and steels, and 20 to 30 million for the Lautal. 

It was found that the fatigue limit of smooth cast-iron speci- 
mens in bending was considerably increased by the precom- 
pressive stresses, in some cases by as much as 100 per cent. For 
the torsion-fatigue tests of this material with smooth specimens 
an increase in fatigue limit was also obtained through the applica- 
tion of the precompressive stresses up to a limiting value of 
precompression. From this value on, the addition of more 
precompression caused no further increase in fatigue limit. In 
any case, the increase in fatigue limit was smaller for the torsion- 
fatigue tests than for the bending tests, as might be expected. 

The smooth steel bars (St 50.11 and VCN 25, the latter being a 
chrome-nickel steel) under additional bending stresses showed a 
decrease in the fatigue limit as produced by the action of pre- 
compression. Bars containing V notches, however, exhibited 
an increase of 8-32 per cent in the fatigue strength under bending 
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except in the case of the chrome-nickel steel which showed no 
change. Torsion-fatigue tests on notched steel bars indicated 
an increase of 17-50 per cent with precompression. 

The nonferrous alloy Lautal experienced an increase of 9-25 
per cent when tested in the form of unnotched bars. 

There seems to be a paucity of data with regard to the effect 
of compressive stresses on the fatigue limit as well as on the 
fatigue properties of various materials under certain ranges of 
compression alone. Although it appears that considerable 
work remains to be done in clarifying our picture as to the 
general effect of compression on the fatigue properties of various 
materials, it is perhaps safe to conclude that the apparent bene- 
ficial effects of compressive stresses on certain materials in 
fatigue will be utilized later on by the designer of machine parts. 
For these reasons, this report is a welcome and timely contribu- 
tion to the study of the fatigue of metals. 


Men of Science 


MEN or Science. By J. G. Crowther. 
Inc., New York, 1936. 
xii plates, $3.50. 


W. W. Norton & Company, 
Cloth, 5'/2 in., xiii and 332 pp., 


REVIEWED BY J. ORMONDROYD® 


tinge is nothing so dreary as history written without bias. 
We seek tendencies, direction, and connection and rejoice 
when we find them. H. G. Wells made history popular with the 
public because his “Outline” was strongly colored by his social 
philosophy. No classic of history has worn so well as Gibbons’ 
pugnaciously anti-Christian ‘Decline and Fall of the Roman 
Empire.”’ Biography with a bias is equally interesting. 

In ‘Men of Science,’”’ Mr. Crowther has given us a series of 
biographical sketches of five famous British scientists of the 
ninteenth century, Humphry Davy, Michael Faraday, James 
Preseott Joule, William Thompson (Lord Kelvin), and James 
Clerk Maxwell. Short biographies of these men have appeared 
many times in the past in which each was set off in his individual 
glory. But Mr. Crowther sees them not as arbitrary, separate 
accidents of history; but as parts of a connected and continuous 
pattern. His thesis is, briefly, that all of these scientists achieved 
their apparently diverse triumphs because their times and sur- 
roundings demanded them. The demand, it is true, was not too 
articulate nor was it obviously direct. But industrialists of 
nineteenth-century England wanted more chemical, thermody- 
namical, and electrical knowledge to increase their markets and 
profits and these men supplied the brilliant results necessary to 
satisfy this demand. Unconscious agents of industry, they were 
not munificently subsidized by the group they benefited most. 

Of the five men, only one, Lord Kelvin, worked extensively on 
problems of immediate interest to the current industries. Joule 
started his thermodynamic researches with the purely economic 
hope of finding a more efficient machine for industry in the elec- 
trie motor; but he gave that up early in his career and did his 
greatest work with no direct commercial benefits in view. 

Davy invented the safety lamp at the instance of humanitarians 
who viewed with horror the wholesale deaths of miners in ex- 
plosions and not because of direct requests from the mine owners. 
His other researches laid the foundations for a strong chemical 
industry; but they were not carried out with that end consciously 
in view. Faraday definitely withdrew from direct contact with 
industry; Maxwell never evinced interest in industrial problems. 

In spite of these facts, Mr. Crowther sees all five men as direct 
products of the “industrial revolution” which began in eighteenth- 
century England and reached its full flower during the century 
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in which they worked. The problems they solved were “in the 
air’ and industry and commerce put them there. No one can 
deny that a large part of the engineering activity of today stems 
from the researches which they carried out so successfully. 

This central thesis of the author will be of great interest to 
engineers. We are conscious of using the findings of science 
in our designs; but that these results were inspired by practical 
needs may be a novel point of view. 

In the introduction to “Men of Science,’”’ Mr. Crowther refers 
to a paper by Prof. B. Hessen, director of the Moscow Institute 
of Physics entitled ‘The Social and Economie Roots of Newton’s 
‘Principia’, ’ in which this idea is worked out plausibly and 
completely to explain the genesis of Newton’s scientific work. 
The problems of ballistics, navigation, and mining current in 
Newton’s time indirectly stimulated him to the efforts which 
gave classical physies its definite form and program. Newton 
failed to enunciate the principle of the “conservation of energy” 
not because he lacked the knowledge or ability to enunciate it; but 
simply because the steam engine was not an important industrial 
instrument in his day. When the steam engine became important 
the concepts of work and energy became interesting to scientists 
and the science of thermodynamics was created. 

Davy, Faraday, and Joule were not educated formally—they 
were not mathematicians. Their findings were expressed in 
words. Faraday, the greatest experimental physicist that ever 
lived, used nothing but simple arithmetic in all his voluminous 
wr.tings. Thompson and Maxwell, coming last in the group, 
were products of the universities and were highly mathematical 
in their scientific writings. In Mr. Crowther’s outlook, Lord 
Kelvin was not a great physicist; but rather a great engineer. 
He was too clever to be a profound thinker. He commercialized 
his talents and he alone, of all the group, became wealthy because 
of his use of science on commercially important problems. His 
elevation to the peerage came from commercial success and social 
and political conservatism rather than from scientific eminence. 

For those who feel that scientific activity and traditional 
religious outlook are incompatible, it is to be noted that all five of 
the men who are the subject of this book were religious. Per- 
haps the fact that they all were active in the field of inanimate 
nature has some bearing on this. Faraday and Maxwell were 
strongly dominated by their religions. 

Classical physics now belongs to the engineer. If we take Mr. 
Crowther’s thesis seriously, we find that it always drew its in- 
spiration from activities in the practical arts. For these reasons 
“Men of Science’’ will make exceedingly interesting reading to 
members of the engineering profession. 


Famous AMERICAN MEN oF Science. By J. G. Crowther. W. W. 
Norton and Company, Inc., New York, 1937. Cloth, 5!/2 « 83/, 
in., xvi and 414 pp., xi plates, $3.50. 


meas BOOK is a companion piece to ““Men of Science,”’ by the 

same author, which dealt with the greatest English physicists 
of the nineteenth century. It develops the same thesis that 
genius is a product of its times and environment and never goes 
beyond the limitation set by that background. It seems evident 
in reading this book that Mr. Crowther does not feel as happy 
with this group of men as he did with his earlier subjects. Much 
of the book seems ejaculatory as if disjointed notes were not 
pieced together with smooth continuity. Perhaps he feels that 
the claims of the men treated in this book to the title of famous 
scientists will not be readily granted. It is undoubtedly true that 
no one thinks of the United States as being violently productive 
of outstanding scientists during the classical period. Our country 
shines more brilliantly relatively in the later period of modern 
physics. American readers will feel somewhat surprised at the 
group of men presented in “Famous American Men of Science” 
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and will be doubly interested for that reason. Engineers will not 
feel so closely connected with the achievements of these men as 
they feel with the subjects of the earlier sketches. 

The four men chosen by Mr. Crowther to represent America’s 
contribution to science are Benjamin Franklin, Joseph Henry, 
Josiah Willard Gibbs, and Thomas Alva Edison. 

We usually think of Franklin as the greatest man as yet pro- 
duced by this country and one of the few universal geniuses in 
all history. But we think of him as a philosopher, a statesman, 
a man of practical affairs, a writer of remarkably fine autobi- 
ography and letters, as an inventor—in short, as almost every- 
thing; but not as a man of science. We all know that he im- 
prudently flew kites in thunder storms, that he amused himself 
with the electrical phenomena known in his day, that he even 
became a member of the Royal Society. But that he could be 
considered as a great man of science may seem to be going too 
far. But Mr. Crowther points out clearly that Franklin did more 
than play with electrical experiments. He advanced the knowl- 
edge of that field far beyond anything achieved by his prede- 
cessors. He demonstrated the similarity of lightning to the dis- 
charges of Leyden jars which was a great step toward the correla- 
tion of existing electrical knowledge. He recognized charges of 
static electricity to be the unbalancing of an electric state always 
present, but usually in the undetectable state of electric equi- 
librium. He introduced such terms into scientific language as 
“positive” and “negative” electricity and invented the term 
“electrical battery’ for the device which still bears that name. 
“He transformed the study of electricity into a branch of modern 
science when he introduced the mathematical term plus and 
minus or positive and negative.”” These achievements were not 
enormous in extent; but they were extremely important. Frank- 
lin’s keenness of observations and clarity of written and spoken 
expression were not limited (scientifically) to electricity. He 
recorded observations in other physical and biological fields 
which entitle him to be called a great scientist. He founded the 
American Philosophical Society, the University of Pennsylvania, 
and the first public library, all of which had direct bearing on the 
development of scientific ideas in America. 

Joseph Henry had the misfortune to work in the same field as 
Faraday at the same time. The range, continuity, and brilliance 
of the Englishman’s work, coupled with the greater ease of publi- 
cation in England and the superior prestige of England in the 
scientific world, all combined to cast Henry’s electrical researches 
into a shade so impenetrable that it is doubtful if many Americans 
know that he existed. Some electrical engineers may recognize 
the name of the unit of induction as a memorial to his work. 
Unlike Faraday, who dedicated his entire active life to experi- 
mental researches, Henry left creative scientific work to become 
the first director of the newly founded Smithsonian Institute. His 
claim to scientific fame arises from his discovery of electromag- 
netic self-induction and also electromagnetic induction. It 
seems probable that he preceded Faraday in these discoveries; 
but not in publication. He made the first use of electromagnets 
in a successful telegraph system and constructed the first recipro- 
cating machine driven by direct current. 

Without hesitation we credit Gibbs with being a famous man 
of science and yet, as engineers, we cannot be quite certain why 
we give him that credit. The chemists know his achievements 
better. ‘Gibbs outlined a complete theory of thermodynamics 
of heterogeneous substances. These are mixtures, and therefore 
include the commonest natural objects. As Larmor wrote, ‘he 
made a clean sweep’ of the science of chemical energetics. Boltz- 
mann said that Gibbs feat was the greatest synthetic achieve- 
ment in science since Newton’s construction of the theory of 
universal gravitation. Newton’s achievement established the 
principles by which the mechanics of human life could be handled 
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most efficiently. Gibbs established the principles by which the 
materials of life and industry, which are mixtures, could be man- 
aged most efficiently.” 

Edison seems to be the strangest fish in the net. We all know 
that he was an inventor. But we seldom equate the inventor to 
the scientist. Edison used freely the findings of scientists; but 
did not uncover new laws of nature. This is true with one 
very important exception. In developing the incandescent bulb, 
Edison discovered, in 1883, that a heated filament in a vacuum 
could act as a valve which permitted negative, but not positive, 
current to pass. This is the Edison effect, basic in all radio 
tubes today. He foresaw wireless and almost invented the emis- 
sion of electromagnetic waves with enough power to excite a 
distant circuit. Mr. Crowther considers Edison the creator of 
all commercial and private research laboratories. He showed 
the world the power of the systematic application of the results 
of science to practical problems. For these reasons Crowther 
considers Edison a man of science. 

“Famous American Men of Science”’ is even more interesting 
than ‘‘Men of Science,” first, because the scene is nearer home 
and, second, because we actually know less about the achieve- 
ments of our own countrymen than we do about the achieve- 
ments of men of science abroad. Our own scientific men of the 
eighteenth and nineteenth centuries have not had able “press 
agents.” 


Thermodynamics 


MoperRN THERMODYNAMICS BY THE METHODS OF WILLARD G1BBs. 
By E. A. Guggenheim, M.A., Lecturer in Chemistry, University 
College, London, with a preface by F. G. Donnan, C.B.E., F.R.S., 
Professor of Chemistry, University College, London. E. P. Dut- 
ton & Co., Inc., New York, 1933. Cloth, 5'/2 X 9 in., xvi and 206 
pp., 10 diagrams, $3.50. 


REVIEWED BY JOHN A. GorF* 


HIS BOOK is of such outstanding value, not only as an 

exposition of the power and elegance of Gibbs’s analytical 
treatment of thermodynamics but also as a compendium of mod- 
ern chemical thermodynamics, that it fully merits a review even 
at this rather late date. As the author states in his preface, it 
is in only a very few of the numerous textbooks on thermody- 
namics that any attempt is made to treat the subject as an exact 
science while in so many, exactness is sacrificed without re- 
juctance in an endeavor to make the treatment “elementary”. 
The present work is all the more important, therefore, as an 
exact account of thermodynamics using methods of Willard 
Gibbs. 

The author begins his treatise on the assumption that the reader 
is already acquainted with the.physical meaning of the first and 
second laws and accordingly proceeds rather too briefly and not 
altogether logically to a statement of the conditions for thermal, 
mechanical, and chemical equilibrium. For thermal equilibrium, 
the temperature must be the same in all parts of the system and 
in any homogeneous part (phase) the constant-volume specific 
heat must be positive. For mechanical equilibrium, the pressure 
must be the same in all parts of the system and in any homo- 
geneous phase the isothermal compressibility must be negative. 
For complete chemical equilibrium, each of the “chemical poten- 
tials” »; of Gibbs must have the same value in all parts of the 
system and in any homogeneous phase each partial-differential 
coefficient (Ou,/On;)7,P,;, where n; denotes all the quantities 
of the type n,; except n; itself, must be positive. Alternative 
statements of the condition of stability of a system, in which the 
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BOOK REVIEWS 


temperature and pressure are uniform throughout, are given in 
terms of the quantities, volume, entropy, energy, enthalpy, Helm- 
holtz’ free energy, Gibbs’s free energy, of the whole system. There 
follows a brief but accurate statement of the phase rule. 

Before taking up applications, chapter 2 is devoted to thermo- 
dynamic relations of general validity. ‘Partial molar’ quan- 
tities of the type (0//Oni)7,p .;, where J is any capacity of ex- 
tensive factor of a phase, are conceived to be magnitudes de- 
pending on relative composition but not on quantity of the phase 
and are therefore subject to the simple relation, J = 2n,(0J/0n,). 
“Mean molar” quantities are also defined and their relation 
to the corresponding partial molar quantities stated. Finally, 
are listed the more important identical relations between the dif- 
ferential coefficients of thermodynamic functions. 

Chapter 3 gives applications to systems of one component 
showing, in particular, the theory of the practical realization of 
absolute temperature; also the form of the chemical potential 
for a perfect gas, for an idealized solid or liquid, and for an im- 
perfect gas according to the equation of state of Kammerlingh- 
Onnes. The conception that all gases become perfect, at any 
rate in respect to their chemical potentials, at sufficiently low 
pressures is then shown to lead quite naturally to the definition 
of the quantities, “fugacity’’ and “activity coefficient,” intro- 
duced by G. N. Lewis. 

Chapter 4 on gaseous mixtures contains matter of present in- 
terest to air-conditioning engineers confronted with the problem 
of predicting accurately the properties of moist air from accurate 
knowledge of the properties of its constituents. The author 
first shows that Dalton’s law and the additivity of internal en- 
ergies, enthalpies,.and entropies are all deducible from the single 
assumption that the chemical potential u; of each constituent 
is the same function of the temperature 7’ and partial pressure, 
n,;P/Xn, in the mixture as it is of T and P when alone. Thermo- 


dynamics can by itself predict nothing concerning the validity 
of this assumption, but statistical mechanics does and the author 
indicates the nature of this prediction. 

In chapters 6, 7, and 8, the author deals fully with the subject 
of solutions and shows how the modern concepts and uses of 
fugacity, activity coefficient, and osmotic coefficient, are directly 
related to the chemical potentials of Gibbs and how they con- 


veniently express the conditions of chemical equilibrium. The 
author divides solutions into three, instead of the usual two, 
classes. ‘Ideal’? solutions are those for which the chemical 
potential 4; of each species depends on mole fraction at constant 
temperature and pressure in precisely the same manner as it 
does in a mixture of perfect gases. The activity and osmotic 
coefficients are unity, Henry’s and Raoult’s laws apply, and 
solutions of this class mix at constant temperature and pressure 
adiabatically and without volume expansion or contraction. 


“Semi-ideal”’ solutions are those which mix at constant tempera-. 


ture and pressure adiabatically and without volume expansion 
or contraction, but whose activity and osmotic coefficients de- 
part from unity—in dependence on composition only, however. 
“Nonideal” solutions are those of the most general type. 

Of the remainder of the book, a quotation from Professor Don- 
nan’s preface gives an admirable review. ‘‘Another part of the 
book where the author shows in: like manner both clarity of 
thought and originality is to be found in his treatment of electro- 
chemical cells and electrochemical potentials. This is a valu- 
able contribution to science, and will certainly be welcomed by 
every student of physics and chemistry. The thermodynamical 
equations relating to osmotic, membrane and surface equilibria, 
equilibrium in a gravitational field, the Nernst heat theorem, 
and the thermodynamics of radiation, are all dealt with by the 
author in the same exact and logical manner, and all bear witness 
to the simplicity, power and elegance of Gibbs’s methods.” 
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THERMODYNAMICS FOR ENGINEERS. By Sir J. A. Ewing. Second 
edition. Cambridge University Press Department, The Mac- 
millan Company, New York, 1936. Cloth, 5'/: x 9 in., xv and 
389 pp., 100 figs., 36. 


HE FIRST edition of “Ewing’s Thermodynamics” was 

published in 1920 and since that time has enjoyed an en- 
viable reputation as a successful textbook for engineers. The 
second edition meets the need for revision of the steam tables in 
the former edition to make them conform to the latest 1934 
International Steam Table Conference values and provides op- 
portunity of extending the scope of the book somewhat. 

A distinguishing feature of the book is its plan of introducing 
the fundamental notions of thermodynamics in nonmathematical 
form with physical realities very much in the foreground. In 
this way it is hoped to evoke the interest of the nonmathematical 
student and at the same time to prevent the mathematical stu- 
dent from losing sight of the physical meaning of the symbols 
with which he deals. In the hands of Sir Alfred Ewing, the plan 
is eminently successful, but in hands less skillful than his, the 
very insistence on being practical and elementary often pro- 
duces a treatment which is inexact and therefore essentially 
impractical. 

To illustrate the danger inherent in the strictly nonmathe- 
matical treatment, one may choose the argument of paragraph 
40, that absolute temperature cannot be negative because then 
the thermal efficiency of the Carnot cycle could be greater than 
unity and “thereby violate the First Law of Thermodynamics.” 
But mathematically, the first and second laws are entirely in- 
dependent and it should be impossible to make deductions from 
the one regarding the other. The fallacy in the argument lies 
in the insistence on regarding thermal efficiency as something 
real and practical when, as a matter of fact, it is an arbitrary 
criterion of performance which denies the engine even partial 
credit for heat rejected even though a considerable portion of 
this heat could be converted into work by an engine exhausting 
at lower temperature. Thus, an engine operating between two 
absolute temperatures, one of which is negative would absorb 
heat at both temperatures and all the heat absorbed would be 
converted into work in strict accordance with the first law, 
though the thermal efficiency would be greater than unity. 

The book is definitely British. Following Callendar, the 
words adiabatic and adiathermal mean isentropic and adiabatic, 
respectively, as the terms are commonly used in this and other 
countries. The reader must be pardoned if he gets the impres- 
sion that, in Great Britain, steam is that substance which has 
the properties Callendar conceived it to have. The phenomena 
of supersaturation are accorded much more extensive discussion 
than their importance in engineering probably justifies. 

Under applications, the author discusses, with interesting 
references to their historical settings, the steam engine, the 
refrigeration machine including its application to low-temperature 
processes and separation of gas mixtures, jets and turbines, the 
internal-combustion engine. The analysis of jets leaves much to 
be desired as it is based almost entirely on the assumption PV™ = 
constant with only passing mention of the réle of acoustic ve- 
locity and no discussion of the phenomenon of compression shock. 

Chapter 7 gives an interesting and valuable account of the 
molecular theory of gases including the quantum theory explana- 
tion of specific heats. Chapter 11 treats gas mixtures and solu- 
tions, Chapter 12, electrolytic transformations and thermo- 
electric effects. These last chapters are mainly taken by Ewing 
from his articles in the “Dictionary of Applied Physics.” 

Finally, should be mentioned the author’s abandonment of the 
use of the Fahrenheit scale in favor of the Centigrade scale which 
he uses throughout. In this he is to be heartily commended. 
Thermodynamics would be rid of much confusion to the student 
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if it were possible to go one step farther and refer to one scale 
only, namely, the Kelvin scale. 

The book is highly recommended as a thoughtful and stimulat- 
ing treatment of thermodynamics for the engineer. It can be 
read with pleasure as well as profit. 


Mechanics 


Mecuanics. By William Fogg Osgood, Ph.D., LL.D. Perkins 
Professor of Mathematics, Emeritus, Harvard University. The 
Macmillan Company, New York, 1937. Cloth, 5'/2 X 81/2 in., 
viii and 495 pp., 157 figs., $5. 


REVIEWED BY J. P. Den Hartoa’ 


HIS BOOK, written by a well-known and eminent mathema- 

tician, contains between its covers really a series of three 
“books,” all very different in their method of approach and grade 
of difficulty. 

The first ‘“book”’ of the three, covering pages 1-153, is not very 
different in content and tenor from the better textbooks on 
dynamics used in engineering colleges in this country. Though 
the author is a mathematician, he has made a successful attempt 
at presenting the subject in a physical, or “intuitive” manner, 
which appeals to the engineer in particular. Such an endeavor 
naturally is appreciated by the engineer and, in spite of some 
rather amusing passages here and there which will be quoted 
later, it is plainly evident that the author has given us a clearly 
written, interesting, and useful textbook for undergraduates in 
physics and engineering. The subject matter treated in this first 
part covers statics, particle and body dynamics; in brief, the 
usual material of a textbook, with the exception of work, en- 
ergy, and impact, which are taken up later. 

The second “‘book,”’ pages 154-296, is much more difficult than 
the first one; it would be classed as a graduate text, and it notably 
departs from the intuitive style with the many applications of 
the first “book,’’ becoming gradually more and more mathe- 
matical. It starts with a chapter on kinematics, including a com- 
plete theory of space centrodes and body centrodes and a long 
discussion of Lissajous’ figures. This is followed by a substantial 
chapter on rotation, starting off with the ellipsoid of inertia, so 
dear to the mathematicians, because it offers such ample op- 
portunity for expanding the theory of the “principal directions 
of the general central quadric in space.” The chapter proceeds 
through Euler’s equations to a general theory of the gyroscope. 
This is followed by shorter chapters on energy and on impact, 
which, as far as subject matter is concerned, belong to the first 
“book,” but by virtue of the treatment given them, take their 
place in the second one with honor. The last chapter on relative 
motion again is difficult to read. 

The third and last “book,” pages 297-489, deals with La- 
grange’s equations, Hamilton-Jacobi equations, and Hamilton’s 
Principle. The first few pages, introducing the derivation of 
Lagrange’s equations, are still couched in terms of “beads on 
strings,” in line with the author’s policy of intuitive exposition so 
successful in the first “book.” This, however, is the last at- 
tempt in that direction and from page 300 on the austere mathe- 
matician holds sway, without the slightest interruption of intui- 
tion. 

The general trend of the three “books” is also apparent from 
the quantity and nature of the problems set in the text. They 
start by being simple and numerous (including many good ones). 
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They remain numerous in the first “book,” becoming gradually 
more difficult. In the second and third “books” they are more 
mathematical in nature and, above all, scarce. The last group 
of any size appears after Lagrange’s equations where 17 problems 
are given on pages 336-337. It is significant (the usual experience 
of the reviewer) that every one of these seventeen can be solved 
more simply by Newton’s equations than by Lagrange’s, for 
which they are intended to be exercises. The few problems after 
this become more and more simple; almost the last two in the 
book being the simple pendulum and the freely falling body again. 
The reason for this is perfectly obvious. The methods of Hamilton 
and Jacobi are so frightfully complicated that one needs all of 
one’s wits to follow the theory alone, and the solution of even the 
freely falling body demands mathematical thought of a high 
order. More difficult problems than these become altogether too 
much. 

The reviewer concludes with a number of direct quotations from 
the text, listed with their respective page numbers, so that the 
reader may locate them correctly in the various “books.” 

On page 50 we read: “Third Law. Action and reaction are 
equal and opposite.’”’ On page 102, the author mentions the 
usual engineering view of the whirling string with a stone at its 
end, which puts tension in the string by “centrifugal foree.”” The 
author does not agree with this argument and states: ‘The 
particle does not pull on the string; the string pulls on the par- 
ticle.’ This thought is developed further for half a page and 
then the text proceeds as follows: 

“And now, after all is said and done, comes the rejoinder: 
‘But the particle did pull on the string, for otherwise the string 
would not have pulled on the peg.’ There is no answer to these 
people. Some of them are good citizens. They vote the ticket 
of the party that is responsible for the prosperity of the country; 
they belong to the only true church; they subscribe to the Red 
Cross drive—but they have no place in the Temple of Science; 
they profane it.” 

The subject has still further possibilities, for on page 118 we 
read: “Matter is inert. It cannot exert a force, it cannot push or 
pull—we are thinking of a particle.’’ And on page 120: “... the 
particle m2: exerts on m, a force Fi.” 

Experimental mechanics is enriched on page 119 by the state- 
ment: “It was proved experimentally by Newton that the forces 
with which gravity attracts two equal masses are equal.” This 
is followed by some very interesting remarks involving Clark 
Maxwell, which are recommended to the reader. Other in- 
teresting items in the first “book” are found on page 98 in which 
the seventeenth and eighteenth centuries appear in connection 
with a cycloid; on page 123 announcing a new “physical postu- 
late’; and on pages 150-151 with some thoughts about morons 
and their judges. 

In the third “book,’’ page 348} a definition (new to the reviewer) 
is given of d’Alembert’s principle: 

“Given a system of particles, the motion of which is determined in 
part by Equations A. The discovery of an analysis of X;, Y;, Z; by 
(2) and of the most general virtual displacement 5 x,, 5 yj, 5 2, 
whereby the virtual work of the force X ;*, Y;*, Z;* vanishes, this virtual 
displacement being expressed by (4); finally the elimination of 
6 2;,5 y;, 5 2;, and X,;*, Y;*, Z;*, as above set forth, whereby 3n — u 
equations free from these unknowns result; —this is the spirit and 
content of d’Alembert’s Principle.”” This enunciation of the Prin- 
ciple does not represent its historic origin, but rather its inter- 
pretation in the science today.” 

To this passage it seems fitting to apply the last sentence of 
the preface to the book: ‘May it prove a help to the beginner in 
his first approach to the subject of mechanics.” 
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Practical Aspects of Turbine Cylinder Joints 


By C. B. CAMPBELL,! 


Existing American standards for steel flanged fittings 
satisfactorily cover the requirements for round pipe joints 
in the several pressure classifications, providing the type 
of flange is properly chosen for the particular service. 
The design of nongasketed, high-pressure, and high- 
temperature joints for steam-turbine cylinders is quite 
another problem, and an understanding of the principles 
underlying the design of steam-tight joints is necessary 
to its successful solution. It is the purpose of this paper 
to bring out the important considerations affecting such 
flanged joints and to note the general methods adopted 
for their analysis by the company with which the writer 
is associated. 


and standard pipe flanges, are the following: 
1 The bolted elements of a turbine cylinder are far 
from symmetrical. 

2 Gaskets of appreciable thickness are impracticable on tur- 
bine cylinder flanges. 

3 There is a large temperature gradient over the length of the 
cylinder flange which may cause appreciable distortions. 

4 With load changes, there will be rapid and wide tempera- 
ture fluctuations in the cylinder, which means that the cylinder- 
and flange temperature relationship will be changing almost con- 
stantly. 

Where high steam pressures and temperatures are encountered, 
certain fairly obvious rules can be laid down as guides for the 
flange design. These will, in general, apply equally well to the 
analysis of a flanged pipe joint after making allowance for the ef- 
fect of the gasket and for the external forces in the piping system. 

1 Since flanges, bolts, and nuts at high temperatures are sub- 
ject to creep and relaxation, the unit contact pressure must be 
determined to be sufficiently high to seal properly after the initial 
cold clamping pressure has decreased materially. 

2 Bolt and flange stresses must be conservative to avoid per- 
manent deformation during the starting period when the cylinder 
will, in general, heat and expand more rapidly than the projecting 
flange and its bolts. 

3 Bolts must be so arranged that every portion of the flange 
contact surface is effectively clamped, with the cylinder either 
cold or kot and under internal pressure. At irregular portions of 
the flange, particular care must be taken that bolts are not so 
located as to nullify one another or to actually open up a section 
of the contact surface. This element is the least susceptible to 
definite rules for procedure, and is consequently the most trouble- 
some. 

4 The flange and cylinder should be as symmetrical in shape 
as possible. Radial projections inward from the flange contact 
surface should be avoided where possible, and, where unavoidable, 


a ma the points of difference between turbine-cylinder 
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they should be relieved on the contact face unless this projecting 
section must also serve as a seal. 


BOoLtTING 


The bolt area is determined tentatively by the total internal 
bursting force due to maximum internal steam pressure, and by 
the permissible bolt stress. This latter value may be taken as 
50 per cent of the so-called “relaxation”’ stress for the particular 
bolt material used; this is the stress, which has been determined 
by test, that the bolt material will support almost indefinitely at 
any specified temperature. Table 1 shows some representative 
values for relaxation stress. 


TABLE 1 ALLOWABLE RELAXATION STRESS IN BOLTS, LB 
PER SQ IN. 


0-600 F 601-750 F 751-850 F 851-950 F 
18,000 not used not used not used 
25,000 22,000 18,000 not used 


25,000 22,000 18,000 14,000 


Temperatures 
0.35 per cent carbon steel 


Chromium-molybdenum steel. . 
Tungsten - chromium - molyb- 


The chromium-molybdenum bolt corresponds to S.A.E. No. 
4140. The tungsten-chromium-molybdenum bolt has 1 per cent 


Fig. 1 Bott Spacine 
(Top: 21/:-in, standard bolts and nuts; pitch,'5!/,in.; unit bolting, 1.00. 
Center: 21/:-in. standard bolts; hexagon nuts; pitch, in.; 
unit bolting, 1.09. 
Bottom: 2!/:-in. standard bolts; 1%/;-in. hexagon nuts; pitch, 4 in.; 
unit bolting, 1.31.) 


tungsten, 0.60 per cent chromium, 0.50 per cent molybdenum, and 
is otherwise similar to S.A.E. No. 4140. It has higher cold physi- 
cal properties, comparable ductility, and appreciably less creep 
at high temperature. 

Stud bolts should be used wherever possible. Ordinary studs 
and tap bolts are objectionable because of plastic deformation 
of the threads in the cylinder flange, and the comparative diffi- 
culty in restoring these threads to their proper form. 

In this class of joint it will often be found necessary to place the 
bolts as close together as possible to obtain the required total 
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bolt area. The minimum spacing is determined by the required 
wrench clearance. Fig. 1 illustrates the problem for a 2'/;-in. 
diam bolt. At the top is shown the minimum bolt spacing when 
sufficient space is allowed over standard nuts to permit using a 
heavy box wrench to pull up the bolts while cold. When this re- 
sults in insufficient bolting, extension nuts may be used as illus- 
trated. Here the diameter of the body of the nut equals the dis- 
tance across flats of the standard nut, while the hexagon head 
corresponds to a smaller bolt. Carried to the extreme, the 
wrench fit becomes too small for proper tightening cold. The 
bolt must then be heated to produce the required stretch and the 
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wrench is used only to set up the nut snugly. The decrease in 
bolt pitch, and increase in total bolt area, however, is quite 
marked, as shown in Fig. 2. 

Minimum bolt spacing for standard hexagon nuts and for 
special extension nuts with small hexagon heads is shown in 
Table 2, the criterion being box-wrench clearance in the first case, 
and */:,in. space between extension-nut bodies in the latter. 


TABLE 2 


Minimum pitch for Minimum pitch for | 
box-wrench clearance on special extension nuts with 


Bolt diam, in, standard hex nuts, in. small hex heads, in. 
1 


13/4 
11/3 33/s 21/2 
2 41/, 31/4 
21/3 4 
3 61/s 43/4 
31/2 51/2 


The Pipe Flanges Research Committee of the Institution of 
Mechanical Engineers in February, 1936, published its first re- 
port which covered a program of investigation of flange details. 
They found that from the standpoint of creep the full-body stud 
bolt was superior to the full-length threaded or the reduced-body 
stud bolts that have been in common use for high-pressure bolting 
for several years. This result is entirely logical since it means 
that the stress in the major length of the bolt, for a given total 
bolt loading, is less than with the reduced-body or full-threaded 
types. The full-body bolt has been adopted for heavy cylinder 
flange service since creep has now become of greater importance 
and outweighs the small advantage of greater elasticity of the 
reduced-body bolt. 

Alloy- and hardened-steel nuts are used with high-temperature 
bolting, as it has been found that the plastic deformation of the 
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threads in mild-steel nuts not only tended to reduce the bolting 
force, but made it practically impossible to remove the nuts after 
a short period at high temperature. 

Hardened-steel or nitrided washers are used generally under 
the nuts on large alloy bolts to prevent galling of the nut and 
flange face. 

A thread lubricant of colloidal graphite in light oil or kerosene 
has been found beneficial, also reducing the danger of thread 
seizing. 

Alloy bolts up to 3 in. diam, may be tightened by pulling on an 
extension wrench. Larger sizes are given their initial set by heat- 
ing to expand them the required amount and then setting the 
nut. This is now accomplished quite rapidly by using resistance- 
type electric heating elements in a hole drilled through the center 
of the bolt. Al! of the important bolting is so arranged as to per- 
mit measuring the actual stretch, which is adjusted to give an 
initial bolt stress of about 60,000 Ib per sq in. 


FLANGES 


Flanges should be made as narrow as is practicable, and the 
necessary rigidity obtained by increasing the thickness. This is 
important in that the flange may then heat and cool more rapidly 
with temperature changes of the cylinder. On irregularly shaped 
cylinders it is especially important to avoid unnecessary radial 
stiffening of the cylinder wall at local spots. High-temperature 
cylinder flanges depart from the established standard of pipe 
flanges having raised faces, in that there is a bearing surface out- 
side the bolts as well as inside. For moderate-temperature tur- 
bines this is not of such importance, and it was formerly common 
to have contact only inside the bolts; with high temperature and 
creep entering the problem, it is important to reduce the flange 
bending stress by using an outer contact surface if proper bolt 
load is to be maintained over long periods and the cylinder is to 
be kept round. 

Because of unequal temperatures of cylinder and flange follow- 
ing load changes, it is undesirable to add rigidity from heavy 
flanges at the horizontal section of the cylinder. This is particu- 
larly true at abrupt changes in shape of the flange. To some ex- 
tent this difficulty is overcome by cutting slots extending through 
the outer portion of the flange to reduce its rigidity in the horizon- 
tal plane. Since this also weakens the flange for clamping the 
sealing surfaces, such slots are used sparingly. It is preferable 
to avoid the abrupt changes in shape if at all practicable. 

The quality of finish on the contact surfaces has an important 
bearing on the performance of the joint. Satisfactory surfaces 
are now produced by carefully lapping the two parts together 
after having made a good machine finish. The investigations of 
the Institution of Mechanical Engineers gave a basis of compari- 
son of scraped metal-to-metal joints, and joints made up with 
several compounds. The former were very unsatisfactory, and, 
of the compounds tried, boiled linseed oil was the best. Our re- 
cent experience shows that there are several commercial brands of 
joint compound which appear to have certain advantages over 
the boiled oil. 

The joint relief and contact surfaces may be determined as 
follows, with reference to Fig. 3. The bolt size is tentatively de- 
termined as already outlined. The bolt is located as close to the 
cylinder as possible, consideration being given to box wrench 
space, if the bolt is to be tightened cold, or to extension-nut-body 
dimension if the initial bolt stretch is to be produced by heating. 
The flange fillet may be notched by the nut-surface spot face. 
Taking advantage of the curvature of the cylinder wall, it is fre- 
quently possible to move the bolt inward materially by thicken- 
ing the flange, and this is quite desirable. 

The total contact surface is made approximately twice the area 
of the bolts, with the inner surface about 50 per cent wider than 
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the outer surface. Finally, the area of the total contact surface 
must be such that with full pressure existing in the cylinder, and 
with the bolt stress reduced to the relaxation values tabulated 
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previously, the average unit pressure on the contact surface shall 
be not less than a multiple of the internal pressure which has been 
determined from experience. A factor of 3 as a multiplier ap- 
pears satisfactory. To obtain such minimum net contact pres- 
sure may require an increase in bolting or a decrease in contact 
area of the values previously determined tentatively. 

The center of the inside and outside contact surfaces should be 
at a distance of 1 to 1'/, times the bolt diameter from the center 
of the bolt. 
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The flange thickness should, in general, be not less than 2'/, 
times the bolt diameter. With close bolt pitch obtained with the 
special extension nuts, this generally gives flanges which are too 
thin when checked for stress. An accurate determination of 
stress in the flange is difficult to obtain, but as an empirical solu- 
tion the stress between bolt holes, due to bending, with the bolt 
load applied at the center of the hole, and the load taken at the 
center of the two contact surfaces, can be used. Because the 
actual bolt load is distributed around the nut contact surface, this 
solution gives a much higher stress than the actual, and for that 
reason a Calculated flange stress of 50,000 Ib per sq in. is permis- 
sible. Thus, if the root area of the bolt is A, and the initial tight- 


ening stress in the bolt is 60,000 lb per sq in. 


(7.2 

t (a + b) 
A further criterion of minimum flange thickness is that every 
point on the contact surface should lie within the cone obtained 
by rotating a line inclined at 45 deg to the center line of the bolt, 


with the apex of the cone in the plane of the top of the flange. 
Thus, in Fig. 3, the point in question would be C, and to satisfy 


the condition 
| 


This will seldom, if ever, be a limiting factor in the case of a 
straight flange with minimum bolt pitch, except for small bolting. 
However, in case the sealing surface projects locally within the 
main cylinder wall, and thus extends farther from the bolts, or, 
in the case of irregularly shaped cylinders and flanges with abrupt 
corners, the application of this guide may lead to a more judicious 
arrangement of bolting. This criterion also dictates an increase 
in flange thickness as the bolt pitch is increased, in which case 
the flange stress between bolts is decreased, and is no longer the 
limiting factor 
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A New Relationship for Use in the Design 
of Machine Columns 


By W. H. CLAPP,' PASADENA, CALIF. 


The author discusses the requirements of an ideal for- 
mula for determining the stresses in machine columns and 
points out the fact that although the secant formula meets 
several of these requirements the relationships are so in- 
volved that it has always been necessary to use one of 
several empirical equations because of the uncertainty re- 
garding the probable eccentricity of the load. The author 
describes a relationship which makes the secant formula 
usable and presents a universal chart adapted to the solu- 
tion of problems of steel columns having any type of cross 
section when subjected to axial loading. 


is the one dealing with the design of machine columns. 

These thrust members usually have a slenderness ratio 
100 >(l/r) >50 for which the additional flexural stress brought 
about by bending cannot be ignored. The failure load is the 
one causing yielding and not the Euler critical load. The two 
are in no way related as the former varies with the material and 
its heat-treatment while the latter varies with the elastic modulus 
of the material. 

In designing machine columns, the designer has followed the 
practices of the civil engineer, in which have been evolved a 
variety of straight-line, parabolic, and other empirical formulas, 
no two of which will give identical results and none of which will 
permit the designer to make intelligent allowances to cover par- 
ticular situations. The empirical constants which are used are 
based upon the use of structural steel, whereas the mechanical 
engineer may wish to use a special steel, possibly heat-treated. 
The empirical formulas give no hint of the resultant stresses pro- 
duced in the column by compfession and flexure. The use of 
these formulas has become fixed in the art in spite of the fact 
that there was at hand a rational formula, as exact as any beam 
formula, and one whose only disadvantage was its complexity. 
That this situation has been unsatisfactory to the civil engineer 
is evident from the many papers and discussions on long-column 
design.? Whenever new situations arise and the usual rule-of- 
thumb methods cannot be trusted, recourse is made to the secant 
formula for the purpose of checking calculations. 

Many machine-design formulas are necessarily empirical, but 
the more nearly a formula can express exact relationships, the 
more trustworthy it is. When the formula is complicated, it is 
always possible to express relationships graphically. An ideal 
machine-design formula might be considered as meeting the 
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1 Professor of Mechanism and Machine Design, California Insti- 
tute of Technology. Mem. A.S.M.E. 

2 “Rational Design of Steel Columns,’’ by D. H. Young, Proceed- 
ings American Society of Civil Engineers, vol. 60, 1934, p. 1421; 
also discussion, vol. 61, 1935, pp. 391, 798, 872, and 1493. 

Presented at the Spring Meeting of THE AMERICAN Society oF 
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Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., and will be accepted until August 10, 1938, for publica- 
tion at a later date. Discussion received after the closing date 
will be returned. 
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understood as individual expressions of their authors, and not those 
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following requirements: (a) It should be theoretically and ana- 
lytically sound; (b) it should contain no empirical factors; (c) 
it should afford the designer every opportunity to exercise his 
judgment with regard to those factors which are influenced by a 
particular application; (d) the formula should be expressed in a 
form such that the designer can use it readily and with a minimum 
possibility of error; and (e) experience should provide an in- 
creasingly better knowledge of the value of any uncertain factors 
in the equation. 

The secant formula meets the first three of these requirements, 
but the relationships are so involved that it has always been 
thought necessary to use one of the empirical equations. This 
alternative also has been brought about because of uncertainty 
regarding the probable eccentricity of the load. But inasmuch 
as the eccentricity is intimately related to the design and as the 
flexural stress varies with the eccentricity, the designer should have 
an equation in which his judgment regarding the probable eccen- 
tricity of the load may find expression. This may not be done 
with any of the column formulas used today, but may be done 
with the more exact secant formula. For several years the author 
has been endeavoring to find a way to make the secant formula 
usable, and only recently developed a relationship which makes 
this possible. The result is embodied in a universal chart adapted 
to the solution of problems of steel columns having any type of 
cross section when subjected to axial loading. The effect of any 
assumption which the designer may make can be readily seen; 
thus, the secant formula is made to meet all five of the previously 
mentioned requirements for an ideal machine-design formula. 

The secant formula may be derived by combining the effects 
of direct load and bending action as follows: Let 


= axial load on the column, lb 

= cross-sectional area of column, sq in. 

virtual length of column, in. 

= actual length of column, in. 

= moment of inertia of cross section about its neutral 

axis in bending, in.‘ 
= radius of gyration corresponding to /,, in. 

c = distance from neutral axis to outer fiber of cross sec- 
tion, in. 

€ = eccentricity of load apart from any eccentricity 
due to bending, in: 

S, = flexural stress in column, lb per sq in. 

S’ = resultant stress due to compression and flexure, |b 

per sq in. 
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From Fig. 1 
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From the development of the Euler equation it may be shown 
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By substituting Equation [2] into Equation [1], we obtain 


3] 


An examination of Equation [3] shows 
that expression 


Pl 
A = r \ 4E 


is independent of the particular shape of 
the cross section and of the eccentricity 
of the load. Accordingly, values of this 
expression may be computed for sets 
of values of P/A and l/r, and these 
values will apply to all steel columns. 
The virtual length J is the distance be- 
tween points of contraflexure of the 
column; its relation to the actual column 
length ZL will depend upon the end con- 
dition of fastening. The factor e¢/r 
might be called an eccentricity ratio. 
The flexural stress varies directly with 


e/r. The use of this factor in design will 
be discussed later. The ratio c/r is a di- 


Fic. 1) FLexure of 
: mensionless shape factor, similar to the 


Y factor in the Lewis equation for gear 


teeth. Values of c/r corresponding to the more common types 
of machine columns are given in Table | 

Any problem involving steel columns of whatever cross sec- 
tion, subjected to an axial load only, may be solved readily on 
the chart shown in Fig. 2. The chart shows the Euler curve 
plotted to the usual coordinates of P/A and l/r, and also sets of 
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Fie. 2) Untversat LonGc-CoLuMN CHart FoR AXIAL LOADING ONLY 
ON STEEL oF ANY Cross SECTION 


TABLE 1 VALUES OF THE SHAPE FACTOR c/r 


Solid bar of circular cross section. 
Tubular bar having an external diameter Do and an 

internal diameter D; 2/vfl + (Di/Do)*} 
Solid bar of rectangular cross v3 


curves of resultant stress? S’ as given by Equation [3]; each stress 
is plotted to five different values of ec/r? ranging from 0.10 to 
0.50. In addition, another set of curves, called K lines are shown 
intersecting the resultant-stress curves. The K lines are the 
feature which makes the solution of Equation [3] a simple matter. 
They do away with any necessity for trial-and-error methods. 
The K lines are curves of constant (P/A)/(l/r)?. Now the de- 
signer does not know either the P/A or the l/r ratios of his 
column. In fact, these are the things he is trying to determine. 
However, he may at the outset determine the value of A for his 
particular application, since 


(l/r)? A/r? 


Therefore, when the designer has given the load P and the end 
conditions of fastening, he may determine, or approximate closely, 
the value of P/l?. The ratio A/r? is another function of the shape 
of the cross section. Values of A/r? corresponding to the more 
common types of machine columns are given in Table 2. 


TABLE 2. VALUES OF THE SHAPE FACTOR 4A/r? 


Solid bar of circular cross section 
Tubular bar having an external diameter Do and an in- 
ternal diameter D;.... 7+ De 
Solid bar of rectangular cross section of width 5 and 
depth Ah, and with the a of __ parallel to 
side h.... 12(b/h) 


A simple problem will illustrate the use of the chart shown in 
Fig. 2. Problem: Determine the diameter D of a solid round 
pin-connected column, 40 in. between pin centers. The load is 
20 tons and the material S.A.E. 1040 steel normalized to give an 
elastic-limit strength of 40,000 lb per sq in. 

It is customary, and safer, in long-column applications to 
apply the factor of safety to the ‘oad rather than to the stress. 
Assume a factor of safety of 3. Then P = 3 X 20 X 2000 = 
120,000 Ib. Neglecting any slight bending moment at the pins, 
the virtual length is 40 in. and P/l? = 75. Then K = 75/4r = 
5.97. 

Assume a reasonable eccentricity ratio, say e/r = 0.20. Then 
ec/r? = 0.40. 

The intersection of the K line and the resultant-stress line of 
S’ = 40,000 for ec/r? = 9.40 occurs at coordinates l/r = 63.5, 
TABLE 3 COMPARISON OF THREE TYPES OF CROSS SECTION 

FOR THE SAME LOAD CONDITIONS 


Cross section 4 Round Rectangular Tubular 


2.760 
aa 000 
0 400 
Ib per sq in. 24100 
l/r 63 500 
y sq 4 980 
; 0.630 
0.126 y 0.: 


P/A = 24,100; from which A 
and D = 2.52 in. 

For any other type of cross section the procedure would have 
been the same, using the proper A/r? factor to determine AK, and 
the proper c/r factor to determine ec/r?. 

For the sake of comparison the quantities involved in the 
foregoing problem are given in Table 3 together with similar 

3 Developed by D. H. Young in “Rational Design of Steel 
Columns,” Proceedings of American Society of Civil Engineers, vol. 
60, 1934, p. 1421. 


120,000 /24,100 = 4.98 sq i 
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TABLE4 VALUES OF e/r WHICH WHEN USED IN THE SECANT FORMULA WILL GIVE THE SAME 
LIMITING P/A AS THE EMPIRICAL FORMULA 


Limit- 
Empirical formula ing S’ 50 
(A) For failure stress S’: 


Ss’ 
(B) For working stress 


18000 
1 


* Stopper at P/A = 15,000 


data for a rectangular cross section having a ratio of b/h = 0.65 
and for a tubular cross section with a ratio of D;/Do = 0.80. 
All other conditions, including the assumed eccentricity ratio of 
0.20, are the same as in the foregoing problem. The increase in 
the value of ¢ as the radius of gyration of the column increases is 
to be noted. The assumed eccentricity is usually taken to include 
any lack of straightness. In the case of the tubular cross section 
it might be assumed to include also the effects of probable vari- 
ations in wall thickness. This statement is not supposed to mean 
that the same value of «/r should be used in each case, but rather 
that some such weighting would be considered by the designer. 
The designer will also consider the end conditions of fastening 
as it affects the virtual length of the column. If the two ends are 
rigidly fastened so that no deflection is possible, the points of 
contraflexure would occur at 1/4 L and */, L in which case 1 = 
L/2. If the attachment is more flexible, as in the case of tubular- 
frame structures, the virtual length would increase, approaching 
L as the restraint approaches zero. This is a matter for the de- 
signer’s judgment. 
The chart shown in Fig. 2 for the solution of ey [3] was 


P P/A 
constructed as follows: Values of the function — wae - 
A r 


were first calculated to the nearest five sec of arc for a series of 
values of P/A and 1/r, and with E taken as 29 X 10°. Tables of 
flexural stress were then prepared for each of the five assumed 
values of ec/r?; also the corresponding values of s’ = P/A + S 
were likewise tabulated. Large charts were then prepared, one 
for each value of ec/r?. On these charts, curves of l/r were drawn 
to coordinates of P/A and 8S’. The chart shown in Fig. 2 was then 
drawn using the large charts, since values of P/A corresponding 
to any desired value of S’ and l/r could be read with considerable 
accuracy from the large charts. 

In order to establish a basis for judgment for the determination 
of reasonable values of «/r for use in design, we may see what 
values of «/r in Equation [3] give results similar to those obtained 


l/r ~ 
70 80 90 100 110 120 


(1) P/A = 48000 — 210 (l/r) 48000 0.084 0.094 0.084 0.071 0.048 0.017 fails 
(2) P/A = 40000 — 1.33(l/r)? 40000 0.028 0.035 0.037 0.035 0.027 0.014 fails 


40000 0.121 0.156 0.186 0.220 0.236 0.250 0.260 0 280 
(4) P/A = 10000 70Vi/r) 16000 0.071 0.066 0.055 0.048 0.042 0.037 0.032 0.029 
(5) P/A = 15000 — 0.33 (l/r)? 15000 0.027 0.035 0.047 0.055 0.066 0.082 0.094 0.112 
18000 0.0844 0.079. 0099 0119 0.136 0.150 0.162 0.174 


through the use of the most acceptable empirical equations. 
This may be done by determining, for each one, the value of «/, 
which when used in Equation [3], will produce the same limiting 
stress as is used in the empirical equation. This may be done 
quite accurately with the aid of the large charts. Table 4 gives 
the results of this study. Three different types of formula are 
compared, viz., the straight-line formula, the parabolic formula, 
and the Rankine-Ritter formula. The resultant stresses in A of 
Table 4 are the failure stress for the material used, while those 
in B of Table 4 represent the working stresses. Values of P/A 
were calculated for each value of l/r and the corresponding values 
of S, were tabulated. It is then possible to determine the value 
of ¢«/r for Equation [3] which will give the same flexural stress, 
since 


|S’ — (P/A)] (formula) ___(e/r) (to be determined) 
[S’ — (P/A)] (from chart) 7 (e/r) (of chart) 


Referring to Table 4 and comparing the two straight-line 
formulas, it will be seen that ¢/r decreases as l/r increases, that 
is, a smaller eccentricity is necessary to produce the limiting 
stress which the empirical formula demands. At l/r = 110, in 
No. 1, the straight line approaches the Euler curve and a negli- 
gible eccentricity causes failure. In the two parabolic formulas 
«/r is seen to decrease with large slenderness ratios, in No. 2, and 
to increase in No. 4, i.e., at heavy loads the formula becomes less 
safe and at lighter loads more safe as l/r increases. The two 
Rankine-Ritter formulas are the safest of all and each becomes 
increasingly safe as the slenderness ratio increases. This is 
possibly warranted in some cases as the distance between the 
line of action of the load and the physical axis of resistance of the 
unbent column may increase with increase of loading. It should 
be stated that the values for e/r given in Table 4 were determined 
assuming that a solid round section was to be used. If a different 
type of section were used the ¢/r values of Table 4 would be 
modified proportionately. 
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Correlation of Creep and Relaxation 


Properties of Copper 


By C. C. DAVENPORT,? PHILADELPHIA, PA. 


Creep tests as well as relaxation tests have been carried 
out in torsion on copper tubes which permit a verification 
of the various theories proposed for a deduction of the re- 
laxation characteristics from creep tests alone. It was 
found that the actually observed relaxation time lies be- 
tween the two values calculated for this quantity on the 
basis of the strain-hardening and the time-hardening 
theories. 


an understanding of the phenomena of plastic flow of metal 
under stress at high temperatures is important for design 
purposes. 

The common test to determine this property of the metal is the 
creep test, which consists of the measuring of the plastic strain 
produced over a period of time by a constant one-dimensional 
stress. For design problems in which the stress remains constant 
these data may be used directly. But in many cases of machine 
parts under stress, as plastic flow occurs, the stress distribution 
changes. At present no method of applying data obtained in 
constant-stress tests to a problem of varying stress has been 
proved correct. It is desirable to predict performance under 
varying stress for at least two reasons. First, the original maxi- 
mum stress may be decreased by the plastic flow and this should 
be considered in the design. A bolt is typical of the second case 
in which the part is given an initial strain and therefore corre- 
sponding stress. This initial strain is held constant; therefore, 
as flow occurs the stress will decrease. 

The term relaxation may refer to any decrease of stress due 
to flow but in this paper its use is restricted to the particular 
case exemplified by the bolt, i.e., stress relaxation with time 
when the initial strain is held constant. 

As already mentioned, there is no method by logic alone by 
which available data on creep, obtained in constant-stress tests, 
may be applied to a problem of varying stress, e.g., relaxation, 
for which there are few direct data available. Several theories 
have been suggested that may be used as a basis for this con- 
version but little work has been done to determine which will 
give the best results. The purposes of this research were to make 
tests in creep and relaxation, to ascertain which theory would 
give the best results in the correlation of the data, and to devise 
methods of making this comparison. It is true that this com- 
pares a special type of stress variation in time with the constant- 


I) UE TO the high temperatures now encountered in industry 


1 This work represents a thesis for the Sc.D. degree at the Graduate 
School of Engineering, Harvard University, and was carried out 
under a grant from the National Research Council and under a sub- 
sequent grant from the Milton Fund of Harvard University both 
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stress creep tests, but it is expected that a theory which gives 
good correlation of these two types may be extended to other 
cases with a reasonable degree of safety. 

Equipment was available which had been designed by Dr. 
Nddai and R. Beeuwkes of the Westinghouse Electric & Manu- 
facturing Company to test tubes in torsion at high temperatures. 
Tests could be made in both creep and relaxation and the cor- 
responding change of strain and stress measured. Copper tubes 
were used rather than steel for several reasons, the most im- 
portant of which is that copper does not change its structure with 
time or temperature as some steels do, and therefore all results 
should be directly comparable. A series of experiments were 
made upon the same tube, the specimen being annealed at 425 C 
for about ten hours after each test. 

The range of temperature and stress was chosen so that suffi- 
cient plastic flow would take place to give accurate readings in an 
8-hr period. The tests covered a range of stress from 400 to 900 
Ib per sq in. at 200 C and from 600 to 1300 lb per sq in. at 150 C. 
Shear-strain rates varied from 5 X 10~* to 3 X 1077 in. per in. 
per hr. The accuracy of the machine permitted the measuring 
of shear strains of 6 X 1077 in. per in. 

Two theories have been proposed by means of which it is pos- 
sible to obtain relaxation performance from creep data. These 
will be called here the strain-hardening and the time-hardening 
theories. Briefly the strain-hardening theory states that for a 
given stress and plastic flow a corresponding plastic-strain rate 
will exist irrespective of how this plastic flow was caused, i.e., 
whether by creep or by relaxation. The time-hardening theory 
states that for a given stress and time of duration of load there 
will be a corresponding strain rate irrespective of how the load 
may have varied during this time. 

Methods have been developed by which relaxation can be cal- 
culated from creep data using these two methods. To simplify 
their use the successive steps in the conversion are first outlined; 
then the underlying reasons for these steps are given. 


NOTATION 


a,b,c = constants used in the stress function S = — (ae’/° + e) 


1 
E 
E = modulus of elasticity 

e = base of natural logarithms 

e = plastic strain 

o = stress 


1 
S = stress function, usually of the form E (ae’/ + c) 


T = time function, occurs as = ST, (T= U) 

t = time 

U = plastic-flow-rate function, occurs ase = SU 
u = plastic-flow rate 


Use or Susscripts 


oo—1: = change of stress from time = zero to time ¢ 
oo—1 = change of stress from time = zero to 1 min 
oo—s = change of stress from time = zero to 8 hr 


The same subscript notation is used for the plastic flow, «. 
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Method I, Geometrically Similar Creep Curves. The following 
steps outline the method by which relaxation can be calculated 
from creep results by the use of the time-hardening theory: 

1 Reduce the family of creep curves to a typical 7-t curve 
as in Fig. 2. 


6 
X 
Ti | 109 €9-8 
| 
0 0 | 
0 0 t 8 6 
Fig. Fig.2 Fig.3 


1 
2 Obtain the form of S so that e = ST. Here S = E (ae? + 
C). 

3 Obtain the value of 7 to reduce from oo to any stress ¢ 


from 


T = - log, 4 
OBe + ce~™ b [ ] 
or for the special case of c = 0 
b 
[5] 
c 


4 Then from the T-t curve pick the corresponding value of 
t, this will be the time required to reduce from a» to o. 

Soderberg has stated (2) that examination of the results of all 
creep tests at his disposal indicated that curves for various stresses 
of one metal at one temperature had a similar geometrical shape; 
i.e., the ratio of the ordinates of any two curves of Fig. 1 is the 
same for any value of time. Therefore, it is possible to take a 
curve of this shape as a typical curve, shown in Fig. 2 as T-t, and 
obtain any one of the creep curves of Fig. 1 by multiplying the 
ordinates T by a constant S which will depend upon the stress. 
So Fig. 2 plus the relation « = ST will represent the whole family 
of curves of Fig. 1. 7 will represent, in a proportional manner, 
the flow ¢ as a function of time, so 7’ is a function of time only. 
Another way of interpreting the meaning of 7 is that if the creep 
curves of Fig. 1 are plotted against 7 instead of ¢ they will become 
straight lines. Since most of the tests presented here are of 8 
hours’ duration the scale of 7 was arbitarily selected so that 7’ 
= latt =8hr. S isa function of the stress only and is usually 


1 
found in the form +c) where a, b, and c are constants so 


chosen as to best fit the creep results, which plotted as in Fig. 3 
give nearly a straight line. This expression for S will be used 
only for interpolation purposes, so any form that fits the data 
well may be used. If it were necessary to extrapolate the ex- 
pression for S to low stresses it would be better, if possible, to 


1 
take a form z (ae’ ° — a) that gives zero creep for zero stress. 


This geometrical similarity when it occurs, even if only ap- 
proximately true, is not only useful in simplifying calculation 
methods but also suggests a method for obtaining relaxation from 
creep results. As Soderberg noted, this similar shape may 
be explained by the assumption that the hardening effect depends 
upon the time and not upon the plastic flow that has taken place 
or the stress which caused the flow. With this assumption that 
the hardening effect, therefore the slope of the T-t curve at any 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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point, is entirely dependent upon the time at that point, the 
velocity of flow at any time will be a function of stress and time 
only, u = fi (o)f2(t). 

This conception of time hardening may be used to obtain a 
method of correlating relaxation and creep. We can consider 
relaxation as a series of small steps along a family of creep curves 
as shown in Fig. 4. Assume that in relaxation we have arrived 
at point 1. Wecan hold o constant 
for a very short time giving the 
plastic flow « — «. Due to this 
flow the stress is reduced to 0; = « 
— E(e.—«). The above theory, u 
= fi(o)f2(t), indicates that, knowing 
the two values ¢ and o; determining 
point 3, we start the next step from 
point 3 with the slope given there. Fra. 4 
No plastic flow will occur as we 
drop from point 2 to point 3 in zero time. Proceeding from 3 we 
obtain the plastic flow «, — « caused by o in a short interval of 
time, reducing the stress to 03 = 0, — E (e, — «), ete. Each 
of these increments of plastic flow may be expressed as Ae = 
SAT where 7 is the portion of the 7-t curve for the same time 
interval, and S is determined by the o causing the Ae. By making 
these steps sufficiently small we may write de = Sd7’ and inte- 
grate to obtain ¢ (7 will be a continuous function). The equation 


and SS we shall 


may be integrated by substituting de = — E’ 


assume to be found in the form S = E (ae’ ” + c) giving 


4 


—de = + c)dT............... (2 


If y = dy = 'ds/b, do = bdy/y, are substituted in 
Equation [2] 


y (ay + ce) 
is obtained from which we find for the limits ¢ = 0, T = 0, 
= 
b a+ce-?? 
T = - log, . 
c a+ce 


For the special case in which c = 0 the integration of Equation 
[3] yields 


Equation [4] or [5] gives the value of T to reduce from apo to ¢. 
The corresponding value of t can be obtained from the 7-t curve, 
Fig. 2. 
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Method II, Any Set of Creep Curves. The steps to obtain re- 
laxation from creep data using the strain-hardening theory are: 
1 Find the slopes u at several points of each creep curve and 
replot the various constant-stress curves as e versus u. See Figs. 
5 and 6. 

2 Find the plastic flow required for relaxation from a to 
€ 
E 
o and e pick u from Fig. 6. 


several values of o as , and for the corresponding values of 


r 
€ 


ay 
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3 Plot the reciprocal of this u against the corresponding ¢ as 
in Fig. 7. The shaded area under the curve from the origin up to 
any value of « represents the relaxation time for that e. 

It is well known that overstraining a metal often strengthens 
it. Similarly in creep the plastic flow which takes place seems 
tostrengthen the material against further flow, thus giving the well- 


known curvature of the creep curves. Therefore a common 


const. 
€ u 
o-t o-t 
02 
0 0 0; O 
0) t 0 u € 


Fig. 5 


simplifying assumption in the interpretation of the creep phe- 
nomena is that the amount of increased resistance to flow depends 
entirely upon the plastic flow that has taken place. The flow rate 
will then depend upon the stress and on the amount of plastic 
flow. Expressed in symbols this is u = fle, o) or, as it is more 
generally written, ¢ = f(e, u). 

This function may be represented as a surface in space with 
e, 7, and u as coordinates. The intersections of constant-o planes 
with this surface are the creep curves, so that the surface is 
defined as one passing through a family of creep curves. In 
moving on this surface one is not restricted to constant-stress 
lines, however, since the assumption o = f(e, u) states that if two 
values, here o and e, are given the third, u, is determined irrespec- 
tive of the method of arriving at these values of o and e«, i.e., 
whether by creep or by relaxation. 

This theory of strain hardening may be applied to the calcula- 
tion of relaxation from creep data in the following manner: The 


dle 
value of the slope, >" * is found for several points of each creep 


curve of Fig. 5 and the values of « and o are plotted against these 
corresponding values of u as in Fig. 6. In relaxation e9-; = 


— —— hence for a given oo there is a certain plastic flow , that 
4 


corresponds to every value of o reached in the relaxation 
process. From Fig. 6 the value of u corresponding to these 
values of « and o is obtained. If 1/u is plotted against this e as 
in Fig. 7, the area under the curve from the origin to any value 
of « represents the relaxation time for this «, since the area is 


“dt 
de = de = dt = io = 
u dle 0 


Method III, Geometrically Similar Creep Curves. If the creep 
curves have the same shape, the following method is more ad- 
vantageous than method LL: 

1 Find the slopes, u,,,, at various points of the 7'-¢ curve. 

2 Plot these values of u,,, against U or T as in Fig. 8. 

3 Calculate the value of U for relaxation from oo to o for 

SE 

4 Pick values of u,,, corresponding to these values of U 
from the U-u,,, curve, as in Fig. 8, and multiply by the corre- 
sponding S which gives the values of tasctual. 

5 Plot the reciprocal of wsctusi against the corresponding 


several values of o by the formula U = 


«= , asin Fig. 7. The area under the curve from the origin 


up to any value of «¢ is the time required for relaxation to that e. 

The more general method II of course may be used in place of 
this, but, if the 7’-¢ curve and the form of S have been obtained 
for method I, method III will be found much easier than method 
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II since here it is necessary to find the slopes of only one curve 
instead of a family of curves. This method was first given by the 
author in the discussion of the paper by Soderberg (2). In the 
closure it was suggested that the difference in results obtained 
by this method and the time-hardening theory was due to an error 
in the mechanical integration. The writer trusts the fundamental 
differences of the two methods have now been brought out clearly. 
Find the slopes u%,, at several 
points along the 7-¢ curve and plot 
against 7’, which will now be called 
Ul. See Fig. 8. U is identically 7. 
The new name is given to the same 
quantity since now the typical U-u,,,, 
curve expresses the flow as a func- 0 
tion of flow rate u just as T ex- 
pressed the flow as a function of 
time. In the same way that the curves of Fig. 1 are obtained 
from the 7-t curve of Fig. 2, by multiplying the ordinates by S 
so it is found here that any curve of Fig. 6 is obtained by multiply- 
ing both the ordinates and abscissas of the U-u,,, curve of Fig. 
8 by S. This means that 


Usyp 


8 


It is now seen that this method is exactly the same as the pre- 
vious one except that instead of picking u from a family of curves, 
as in Fig. 6, we may use the single curve of Fig. 8, plus Equations 
[6] and [7]. As suggested before, this saves much labor in find- 
ing slopes. 


COMPARISON OF TIME- AND STRAIN-HARDENING THEORIES 


It may be well to discuss further the simplifications introduced 
by each theory and to judge thereby how the correlation based 
on each theory will compare with the experimental results. 

As already mentioned, time hardening was suggested by 
Soderberg when he pointed out the geometrical similarity of creep 
curves of one metal at a given temperature. This similarity he 
took to indicate that the structure, or strength, of the metal 
would depend only upon the time. The flow rate caused at the 
same time by different stresses would then depend only upon the 
stress, i.e., u = f(o, t) = filo)fe (t). Although this time-harden- 
ing theory explains the geometrical similarity of creep curves as 
found by Soderberg it is not the only possible explanation. Strain 
hardening could possibly give the same geometrical similarity. 
This geometrical similarity of the curves merely proves that the 
strain hardening, u = f(c, «), cannot be simplified to the form 
u = filo)fele) since it can be shown that this would require 
a certain shape of each creep curve which actual tests do not have. 
Also, strain hardening combined with the fact that a given flow at 
high flow rate gives less strain hardening than the same flow 
produced at a lower rate, could give geometrically similar creep 
curves. 

Moreover, test curves presented here are not quite geometri- 
cally similar. In a random check of creep curves given by other 
authors for other metals many indicated a fair or good fit but 
some did not. It would seem therefore that, although a set of 
creep curves may follow this simplification rather well, this simi- 
larity of creep curves is not exact enough in all cases to warrant 
the deduction from it alone of a fundamental theory of plastic 
flow, i.e., one which can reasonably be extended to the entirely 
new setup of a problem of variable-stress change such as relaxa- 
tion. 

Phillips and Smith (4) made tests on copper with alternate loads 
of 10 and 70 per cent of the tensile strength and found that the 
flow was independent of the order of applying the load. To show 
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that this completely disproves time hardening, consider the simple 
case shown by Figs. 9, 10, and 11. If the two creep curves for 
o; and o2 are given as in Fig. 9, time hardening indicates that if 
o; is applied for unit time then oz for unit time the flow given in 
Fig. 10 is obtained. If applied in the order oe, o; Fig. 11 indicates 
the flow obtained with time hardening. The tests mentioned 
here state that the two cases shown in Figs. 10 and 11 should 
have equal plastic strain «. Similar tests made by the writer 
give similar results. 


62 6, 
| | 
01 € o; 62 € 
0 0 0 
t 4 t 0 ! 2 
Fig. 9 Fig. 10 Fig.l 


So both intuitive reasoning and experiments indicate that a 
different flow rate will be obtained at ¢, for these three cases: 


1 o = QO, to to t, then suddenly increased to c, 
2 o =<¢,, constant creep stress to to t 
3 = to to th, then suddenly decreased to o, 


Therefore the time-hardening theory, which would give a good 
explanation of the similar shapes of creep curves, is not a true 
or complete picture of all these flow phenomena, since the theory 
would give the same flow rate at ¢, for all three cases. However, 
calculations by this method are quite easy to make, and, it is 
believed, will always give a low value of the relaxation time. As 
explained later, it is anticipated that calculations by the strain- 
hardening method will give a high value of the relaxation time, 
so that two methods used together will give upper and lower 
limits. 

The second method used for correlation is the common simpli- 
fying assumption of strain hardening. The usual method of writing 
this iso = f(e, u) but, of course it may also be written u = f(e, a). 
This means that for a given stress, the hardening, and therefore 
the flow rate, will depend solely upon the plastic strain, and not at 
all upon the manner in which this strain was produced. The 
method of applying this assumption to obtain relaxation from 
creep data has been given before. Fig. 12 gives the comparison 
of the two methods for reference at this point. Strain hardening 
is indicated by the stepped line 1-2-3-4 dropping of course from 
one constant-stress curve to the next at constant plastic flow 
e. Time hardening is represented by the line 1-5-6 dropping 
from one curve to the next at constant time. The drops 2-3 
and 2-5 are assumed by the two theories to give no plastic flow 
and to require no time. 

Strain hardening is a simplifying assumption neglecting certain 
factors which may be important. Several of these will be con- 
sidered here together with the influence they may be expected to 
have upon our simplified calculations. If tests are at a suffi- 
ciently high temperature so that annealing effects enter, it can be 
shown that the drop 2-3 of Fig. 12 should be inclined slightly 
upward to the right. Although some of the tests presented here 
are at fairly high temperatures, well-known facts of annealing 
temperatures and times indicate that no appreciable annealing 
takes place. 

Another effect that seems to be important may be explained 
as due to a given plastic flow produced at a high rate of flow giv- 
ing less hardening than the same flow produced at a low flow 
rate. This consideration is based on the same reasoning Bailey 
(1) gave for raising the shear energy to a power in his expression 
for the creep rate; namely that when a sudden slip takes place 
in a restricted locality the temperature in the immediate neigh- 
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borhood is raised, reducing the resistance to further slip. There- 
fore it can be expected that this further slip will not produce as 
much hardening as did the original slip. The effect would be 
more pronounced at higher flow rates. To illustrate how this 
will modify the strain-hardening calculations, reference is made 
to point 3 of Fig. 12. The stress, plastic flow, and flow rate there 
are o3, €3, Us, respectively. The strain-hardening theory states 
that for the values o3 and e; the flow rate must be us whether this 
¢; has been produced by creep or relaxation. The above reason- 
ing indicates that, since es; produced by relaxation was obtained 
under higher stress and therefore under higher flow rates than 
the same es in creep, ¢s in relaxation would be expected to show 
less hardening and therefore a greater flow rate than the us due 
to «sin creep. This means that the drop from point 2 should be 
to a point a little below 3 where the flow rate is greater, the drop 
being larger the higher the flow rate. How far below point 3 should 
be dropped is not known but it seems improbable that it should be 
further than point 5. This is the reason for the statement that 
calculation of relaxation time by the time- and strain-hardening 
methods give a lower and upper limit of the time required. It is 
believed that the strain-hardening method will be by far the 
better of the two, except for extremely high initial relaxation 
stress or high test temperature which will drop the point further 
below 3. 


EXPERIMENTAL RESULTS AND THEIR CORRELATION 


Experiments were made in both creep and relaxation upon the 
same copper specimen. 

As a sample, quite representative of test results at other tem- 
peratures, the set at 150 C is presented in detail. This group 
was selected for presentation because it was the most complete, 
comprising 35 tests. Results from two samples checked each 
other extremely well thus giving many duplicate tests. The ex- 
perimental results recorded were plastic 
flow versus time, for the creep tests, 
and decrease of stress versus time, for 
the relaxation tests. Since many tests 
were made a concise method of present- 
ing these results is necessary. 

Figs. 13 and 15 give the total creep 
and relaxation in eight hours. The 
points plotted show not only the cor- 
Fr , relation of the individual tests but also 

1G. 12 COMPARISON OF 
Time HARDENING ann Of the two specimens. Figs. 14 and 16 

Strain HARDENING give the shapes of the individual creep 

and relaxation curves so that any de- 
sired curve can be obtained by multiplying the proper shape as 
given in these figures by the total value shown in Figs. 13 or 15. 
Thus all necessary data are given by the four figures. 

In Fig. 17 the total values of the creep as given in Fig. 13 are 
plotted on semilogarithmic coordinates and give a straight line. 
This indicates that the total flow in eight hours may be ex- 
pressed as follows, with numerical values for the experiments at 
150 C 


oO Flow, € 


From the facts that e = ST and that 7 was chosen equal to | 
at 8 hr we may also write 


1 
S = +0) = [9] 


The total relaxation in 8 hr, as calculated from the creep data 
by the time- and strain-hardening theories, is also shown in 
Fig. 15 for comparison with the test values. As is seen from 
Figs. 14 and 16 the creep curves for various stresses are not ex- 
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actly similar but to simplify the calculations the average-shape 
curve was used with methods I and III. 


Discussion OF RESULTS 


The comparison with actual experimental results of relaxation 
calculated from creep data by the use of both time- and strain- 
hardening theories has been shown in Fig. 15. As expected from 
the reasons given before, the strain-hardening theory gives less 
and the time-hardening more plastic flow in a given time than 
that obtained by test. The two methods of calculation give 
results so nearly alike for small amounts of relaxation that the 
tests cannot effectively discriminate between the two. (An error 
factor of plus or minus a few o units should be allowed on both 
the test relaxation curve and on the theoretical curves calculated 
from creep tests.) For the larger amounts of relaxation the 
strain-hardening method yields the better check. For still greater 
relaxation, if produced in about the same stress range but over 
longer periods of time the same result is expected. If greater 
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relaxation is produced due to the fact that higher stresses are 
used the strain-hardening method, may begin to show more de- 
viation from experimental results due to less hardening with high 
flow rates. 

Tests at higher temperatures indicate that time hardening 
gives somewhat better correlation than strain hardening. As 
explained before, high temperatures may be expected to cause 
greater departures from strain hardening. High temperatures 
cause high initial flow rates, often 50 per cent of the 8-hr flow 
taking place in the first minute. 


50,000 
Point 
I Strain Hardening 
a 
Time Hardening 


(0) t, Hours 500 


Fig. 18 ReiaxaTion-Test VALUE FOR STEEL CHECKED BY STRAIN- 
HARDENING THEORY 


At all temperatures and stresses measured here, the test values 
of relaxation have fallen between those values calculated by 
time- and strain-hardening methods with the latter giving the 
better check in those tests at the lower temperatures. The tests 
did not give as clear an indication about the stress since at the 
lower stresses used there was not sufficient spread in the two 
theories to discriminate. Boyd has recently presented some work 
on creep and relaxation (5) and in a private communication to 
the writer, he has stated that the strain-hardening theory, as 
it is used here, checked the test relaxation better for the lower 
stresses. The flow rates in which industry is interested are very 
much smaller than those used in this investigation. The steels 
used are relatively further from their solidification points and 
yield stresses than the copper used in these tests so it is expected 
that the strain-hardening theory can be used with a large degree 
of confidence. No data are available in this range except one 
point given by Soderberg (2). Fig. 18 shows that calculations 
by the strain-hardening method using the creep data given 
by Soderberg check this point perfectly. It is not intended, how- 
ever, to draw conclusions from one test point. The curves of Fig. 
18 also show that, though the times required to produce a 
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given flow, as calculated by the two methods, may not be very 
different for the initial periods, as flow increases the spread in cal- 
culated times becomes much greater. Such long-time tests in re- 
laxation as are now being made by Mochel will be important 
in deciding how closely tests follow the strain-hardening theory 
for longer times. 

This paper has dealt only with the problem of predicting relaxa- 
tion from a knowledge of the creep characteristics for a one- 
dimensional problem. It is expected that a theory that gives 
good correlation for this case may be extended to other slowly 
changing stress conditions. For extension to two- or three- 
dimensional problems, such as shrink fits and hollow thick tubes, 
a further theory is necessary. Such a theory has been proposed 
by Bailey (1) to correlate many experimental results obtained by 
him. In this theory Bailey adopts the simplification of replacing 
the creep curve by a straight line by writing creep rate = const 
(stress)"._ Soderberg (2) has also developed a theory which, with 
the above simplification introduced, reduces to a form similar 
to that of Bailey, the difference being that the Bailey form con- 
tains an additional parameter so that it will better fit the data. 

Marin (3) has shown that results obtained by both theories 
with this simplification do not differ greatly for the metals tested 
so far. It is therefore suggested that the Soderberg theory be 
used for this purpose. It may be further noted that, with the 
above simplification, the time- and strain-hardening theories will 
give the same result. This simplification will quite probably 
be necessary to avoid the complex expressions arising in two- 
dimensional problems. 
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An Improved Method for Calculating Free 
Vibrations in Systems of Several 
Degrees of Freedom 


By WINSTON M. DUDLEY,? CLEVELAND, OHIO 


In 1934 two English investigators (1)* published a method 
for calculating the various modes and frequencies of 
vibration of a system having several degrees of freedom. 
Their method, which is based on matrices, greatly shortens 
the time spent in obtaining numerical solutions in many 
important problems, notably those with immovable 
foundations. In this paper is presented a new theorem 
which (a) makes possible a further reduction of nearly 
one half in the time required, so that solutions up to 
20 deg or more of freedom are now practical and (6) makes 
it then possible to determine the motion of the system 


1 STATEMENT OF THE GENERAL PROBLEM 


HE systems discussed in this paper are of the type shown 
"Ts Fig. 1; they consist of several masses interconnected 

and attached to immovable foundations by means of 
springs and levers. Let 


M...m, = the masses of the system 

= displacements of the masses from equilibrium 
positions 

external forces applied to the masses in the 
directions of the displacements 

the “influence numbers;” that is, d,;, is the 
displacement of m, due to a steady force of 
one pound at m. By Maxwell’s reciprocity 
theorem, d;, = d,;. 


dj, da, dis, ete. = 


If steady forces P,,....P,, are applied, the displacements can 
be written‘ 


= + +... + d,,,Pr 


The z’s and P’s are each collected into matrices of one column 
each; the a’s become a square matrix of order n, and the n linear 


1 From a dissertation submitted to the University of Michigan, 
Ann Arbor, Mich., in partial fulfillment of the requirements for the 
degree of Doctor of Science. 

2 Instructor in Applied Mechanics, Case School of Applied Science. 
Jun. A.S.M.E. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

4 Obviously, the method includes such torsional systems as may 
be described by similar equations. Systems with no fixed point can 
be treated by suitable modifications of technique; it is planned to 
consider these in a later paper. 
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received after the closing date will be returned. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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after any initial disturbance in a few minutes, instead 
of several hours as required by older methods. It is useful 
in the latter respect whether the modes have been deter- 
mined by matrix methods, or not. 

Although the paper gives simpler proofs than any previ- 
ously published, knowledge of the matrix theory is not 
required in using the method. Problems are analyzed 
by a tabular process, in which an ordinary computing 
machine helps greatly. Comments based on computing 
experience are given. A simple numerical example has 
been given elsewhere (1). 


Fic. 1 
equations can be written as a single matrix equation, thus 


2 P, 


In Pe 


or, in matrix notation, {z} = (d] {P}. For readers unfamiliar 
with matrix notation, sections 1 to 9, inclusive, of Pipes’ article 
(2) will provide a rapid and readable introduction. 

During free vibrations the only external forces acting are 
inertia forces, so the force matrix becomes 


P 1 
P, 


Pa —Mnin 
This may also be written in the form 


my 
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or {P} = —[m] 
Substituting, {x} = [d]{P} = —[d][m]{.}. 


In evaluating continued matrix products such as —{d](m]{ i}, 


the multiplications may be carried out in either order. There- 
fore, let 

(1] 
where 

diame. . | 

Mu dyome 

and [M] is called the ‘dynamical matrix.’”’ Therefore 


Now suppose the system executes harmonic vibrations at a 
frequency w/2r. Then 


= sin wt 


Xp = 2 sin wt, ete. 
This gives 
= sin wt, and 


since scalar factors may be placed anywhere in a matrix product. 


The common term, sin wt, is canceled out. Rearranging 
1 
[M]{x} —— {x} =0 
w 
or 


where \ = 1/w? and [J] is the unit matrix of order n, that is 


0...07 

0 1...0 
= 

10 0...1] 


The matrix Equation [4] is equivalent to the n homogeneous 
linear equations in the amplitudes which are familiar in classical 
vibration theory. 


2 Meruops AVAILABLE 


The dynamical behavior of the system has now been expressed 
by equations. It is a good time to state the objectives of the 
analyst, and to review briefly the methods heretofore available 
for attaining them. 

The objectives are two: (a) To determine all the possible 
types of motion of the system, and (b) to find what motions 
result from given initial conditions. 

Problems of this type were first solved by Lagrange (3). 
He noted that if Equation [4] is to be satisfied by nonzero 
amplitudes, the determinant of the coefficients must be zero; 
that is, |[M]—A[J]) = 0. 

His method is to expand the determinant, obtaining an equa- 
tion of the nth degree in \ known as the “frequency equation.” 
The n roots of this equation, corresponding to the n natural 
frequencies, are then computed, and the ratios 2: 22: 23: ... 2 2n 
corresponding to each one of them can be found from the original 
homogeneous equations. 
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Thus, the first objective is attained. As stated by Rayleigh 
(4), all possible small free motions of such a system are harmonic 
because the differential equations are then linear, with constant 
coefficients, and circular (and exponential) functions are the 
only ones which retain their type when differentiated. 

Passing to the second objective: Let ay. ..an be the propor- 
tional amplitudes of the masses for the fundamental mode as 
found previously, and ajz...d,2 those for the second mode, etc. 
Let w...w» be the corresponding values of w. The equations 
of free motion of the system can now be written 
B 
= — a, sin wt + Day, cos wit + — ay sin wet | 

wi We 


B, 
+ Cos Wet + + — ayn SiN Wat 


Wn 


+ Dnrajn COS Wat 


~' 


1 
— ay sin wit + Diag, cos wt + ... 


Bn 
+ — don sin Wat + COS Wat, ete. 
Wn 

The constants of integration B,...B, and D,...Dn have to be 
determined from the initial conditions of displacement and 
velocity of each mass. Thus, let 2:9 and jo be the initial dis- 


placement and velocity of the first mass, and so on. Putting 
t = 0 in Equations [5] gives 
Zio = Dian + Deady, + ... + Dndin 
(6] 
Inn = Dyan + 


These may be written as a single matrix equation 
(7) 


in which [a] is the complete amplitude matrix, one column for 
each mode. Similarly 


[8] 


Thus, a complete solution by Lagrange’s method is possible, 
but in practice the amount of computation required is pro- 
hibitive if there are more than three or four degrees of freedom. 
For six degrees of freedom, for instance, a rough calculation shows 
that to expand the determinant, solve the frequency equation, 
and then solve for the six sets of amplitude ratios would require 
from 30 to 40 hours of work with a computing machine. In 
addition, to find the motion of the system after a fairly general 
disturbance would require several hours more, since two sets of six 
linear equations in six unknowns (Equations [7] and [8]) must 
be solved to obtain the constants of integration. 

In the 150 years since Lagrange, many scientists and mathe- 
maticians have worked on the problem, notably Thomson and 
Tait, Routh, and Rayleigh. The implications of Lagrange’s 
work were pursued and clarified. Numerous theorems regarding 
the nature of roots and the relations between solutions have been 
discovered and proved; the effects of using different coordinates 
in the same problem have been studied exhaustively. Many 
of these theorems are interesting and enlightening from a physical 
point of view. They do not help in reducing the time required 
to solve a problem, but perhaps they prepared the way for the 
more powerful methods of matrix algebra. 

The solution of the case of six degrees of freedom mentioned 
previously can be accomplished by matrix methods in 12 to 15 


tg 
2 
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hours, and the motion of the system for any initial conditions 
can thereafter be obtained in a few minutes. This is possible 
because several steps of the older method can be dropped or 
telescoped. Using matrices, it is unnecessary to expand the 
determinant, a natural frequency and its amplitude ratios are 
found simultaneously, and the solution is obtained in a form from 
which the response to initial conditions can be found at once. 


3 OvrTLINE or THE Matrix 


(A) To Find the Fundamental Mode. The method proposed 
by Duncan and Collar (1) is as follows: 
Choose n arbitrary numerical values for 2...2,, forming a 
one-column matrix {z}>. Then form the successive products 
[M]{z}o = {z}, 
[M]{z}, = [M]*{z}o = 


[M]{z}p-1 = 


After each {x} matrix is found, its elements should be divided 
by the largest element to simplify the calculation of the next {x} 
matrix. After a comparatively small number of successive 
{x} matrices have been found, it will be observed that the ratios 
of the n elements in {x}» converge to steady values which are 
correct amplitude ratios for the fundamental mode of vibration 
of the system, and which repeat themselves after an additional 
multiplication by [M]. These values are entirely independent® 
of the n arbitrarily selected quantities in {z}o. Furthermore, 
the ratio of any pair of corresponding elements in |x}, —; and 
{2}, determines w;, the fundamental frequency of vibration. 
That is, 


ong 

Lkp ary 
The fundamental frequency in cycles per second is w,/2z, and 
Qj, Qe are the correct amplitudes of m; and m: for the funda- 
mental mode. 

The method always succeeds, providing the two slowest natu- 
ral frequencies of the system are not the same. If this happens, 
special methods are required (1); but such a case is very unusual 
in practice and the procedure for it will not be repeated in this 
paper. 

The method is essentially one of root squaring (see Appendix), 
that is, (!M]? represents the dynamical matrix of a system whose 
natural periods are the pth powers of those of the original system. 
This is continued until the pth power of the fundamental period 
becomes dominant and the pth powers of the other periods neg- 
ligible. 

(B) Determination of Higher-Frequency Modes of Vibration. 
In the preceding section the convergence of the ratios of the 
elements in to constant values independent of {x} was 
noted. Evidently this can occur only if any high power p of 
[M] has the form. 


Qn 
1 


where the a’s and A’s are constants. 
[M}?{x}o gives 


For, multiplying out 


5 Except for a restriction of no practical importance which is noted 
in the following part entitled: ‘‘Determination of Higher-Frequency 
Modes of Vibration.” 
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where R; = + +... + Also, must not 
be zero; but, obviously the chance of R, being zero for n arbi- 
trarily chosen is astronomically remote. 

Evidently the quantities ai,...an represent the amplitude 
ratios in the fundamental mode. 

The condition R, = Anz: + Aide + ... + Aintn = 0 holds 
for the initial amplitudes of any oscillation in which the funda- 
mental mode is lacking (see Appendix). This condition may be 
used to prevent the appearance of the fundamental mode during 
the repeated multiplications. 

In order to do this, it is necessary to have a method of finding 
the values of Aj, Aw,...Ain. Duncan and Collar (1) suggest 
taking a one-line matrix [y]o = [y:, y2.. . Yn lo of arbitrary values 
and forming a succession of products 


= lyh 
lyh{M] = [ylolM]? = ly], ete. 
= = ly], 


The elements of [y]» converge to values proportional to An, 
Ay... Ain regardless of the values chosen in [y]o; for 


[MP 


-QnAn 


1 
=~ 2p {AnQ: AnQ.. -AnQ:) 
Ww, 


[yor 


where 
= AnYor + + ... + AniYon, if 0. 


Evidently the number of multiplications required to find the 
A’s is the same as for the a’s, since [M |” occurs in each case and 
p must be great enough so that [M]? approaches the form of 
Equation [9]. 

The original contribution of the present paper is a better 
method of finding the A’s; by means of it the values of An... Ai, 
can be found immediately (see Equations [10] and [11]) from 
the values of ay...@n1, which have been determined previously 
in part 3(A). Since most of the time needed to solve a problem 
by the Duncan and Collar method (1) is spent in making the 
successive multiplications, this elimination of half of them reduces 
the total time by nearly one half. 

The new formula for the relative values of the A’s is 


Since the first column of a’s is known, a set of numbers pro- 
portional to the A’s can be found, that is, a7, am, ete. The 
values of the A’s are then found by the relation 
+ + ... + Ajn@aj = 1........ 
Let 
CAn = aym 
Then 
+ + ... + = C 
® Equations [10] and [11] are derived in the Appendix. 
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From this 
Ay = anm,/C, Aw = aym:/C, ete. 


Evidently ayn, ... @n1 may be multiplied by a constant and still 
represent relative amplitudes in the fundamental mode; the 
effect would be to divide Ay, ... Ain by the sameconstant. In 
other words, a@uAn has a constant value for a given problem. 
Either may be arbitrarily chosen, but the other is then deter- 
mined. 

The condition 


+ +...4+ Aintn {12} 


represents the initial amplitudes of any oscillation in which the 
fundamental mode is lacking. When the values of Au, ... Ain 
have been found, this equation may be used to eliminate any 
one of the variables. If A,, is the largest of the A’s in a numerical 
case, it is best to choose x, for elimination, as then Aj, is sure to 
contain as many significant figures as are being used in the 


solution. For illustration, suppose k = 2. From Equation [2] 
Au Ais Ain 
= —— — — 43 — 1 
An Aw 


It was found previously that 


represents any free vibration of the original system. Let M,, be 
the element in the rth row and cth column of [M]. The lin- 
ear equations for 2, 23, ...2n are then written out from the ma- 
trix Equation [3] and the right-hand side of Equation [13] is 
substituted for z2 in each giving 


A A 
A: Ai: 
Ain 
(an. _— Mu) | 
Ai 
A A 
= w? | (atu — 42 Ma) + (at — 42 ate) t+... 
An An 
Ain 
+ (a Mn) 


A 
= w? | (atu Maa) a+ (110 — ars) 


These n — 1 linear equations may be written as a single matrix 
equation 
[14] 


where {zx’} contains 2, 23, ... zn and [M’] is a dynamical matrix 
formed as follows: 

Draw a line around the elements in the second row and column 
of [M] to show that they are being removed. From each re- 
maining element in the first column, subtract (An/A12) times 
the element in the second column and same row. From each 
remaining element in the third column, subtract (Ais/A12) times 
the element in the second column and same row; and so on. 
The (n — 1)? numbers so found become the elements of [M’]. 
For removing another row and column than the second, the same 
rule, with obvious changes, applies. 

The matrix [M’] has been obtained by inserting the condition 
of Equation [12] in the original dynamical matrix [M], in order 
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to suppress the appearance of the fundamental mode. Thus, 
if repeated multiplications be made with [M’] exactly as de- 
scribed previously with [M], the second mode and frequency 
will appear. The amplitude of the coordinate which was re- 
moved can be found from Equation [12]. 

Next, values of An...A2 are found by Equations [10] and 
{11]. As the solution ef the problem proceeds, matrices should 
be formed of both the a’s and the A’s, thus 


Gig... Gin Ais Ain 
an Ag 
fa] = and [A] = 


Each column of [a] represents the relative amplitudes for one 
mode of free vibration; so far, the first column (fundamental 
mode) has been found. Also, each row of [A] represents the 
relative momenta of the masses for that mode. 

To find the third mode, it is necessary to reduce [M’] to a 
matrix [M"] of n — 2 rows and columns, in such a way that [M°} 
will give the remaining n — 2 modes of the original problem. This 
requires an equation of the type of Equation [12] in x, 23, .. rn 
which will represent any free vibration in which the two slowest 
modes are lacking. The necessary equation is obtained by 
eliminating z. between Equation [12] and 


since Equation [12] is true of any vibration lacking the funda- 
mental mode, and Equation [15] is true of any vibration lacking 
the second mode (see Appendix). 

Continuation of the foregoing method is sufficient to find all 
the modes of the original problem. Since the order of the 
dynamical matrix decreases by one each time a new “derived 
system” is found, the number of terms used in the repeated 
multiplications decreases correspondingly. However, the amount 
of time spent in finding the first mode is never an accurate in- 
dication of how long it will take to find the others, since the rate 
of convergence varies widely for different modes of the same 
problem. Experience shows that about two thirds of the total 
time on a problem is spent on the first one third of the 
modes. 

It is impossible by the Duncan and Collar method (1) to find 
one of the faster modes without first finding all the slower ones, 
with the exception that the order of finding the modes can be 
reversed by inverting the original dynamical matrix (1). 

The matrix product [M]’{z}> may sometimes be found more 
quickly by squaring [M] and using [M]? to find [M)]’{zx}p in 
half as many subsequent multiplications. But if [MJ] has n? 
elements, it takes n times as long to find [M]*as to find [M]{z} o. 
Evidently, the saving of time due to squaring [M] decreases as 
the number of degrees of freedom increases. The break-even 
point depends on the accuracy desired in the results, and on the 
rapidity of convergence in a particular case. Furthermore 
there is great chance of making an error in finding [M]?; such 
errors cannot be detected until final results are obtained. In 
general, an experienced computer will not need to find [M }* even 
in a slowly converging problem, for by studying the successive 
differences of an amplitude, he can roughly predict the end value 
without making all the intervening multiplications. 

Theoretically, one check on results is that when a correct set 
of amplitudes {x}m is premultiplied by [M], the result is {2} m, 
where \ isa constant; because, from Equation [3], [M]{z}m = 
A{z}m, where = 1/wm*. 
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This check cannot be used on the higher modes in a numerical 
case, as the errors in a higher mode are greatly magnified when 
it is multiplied by [M] (see Appendix, Equation [32}). Thus, 
if the check fails, it does not necessarily indicate large errors in 
the higher mode. In addition, this check does not detect pos- 
sible errors made in the original calculation of the elements of 
[M]; it is better to write the equations of motion of the system 
in the classical way, using these to check results. 

The number of significant figures which must be carried in 
making a solution depends on how many modes must be found, 
and on the relative values of the natural frequencies. As shown 
previously, the matrices [M], [M’], [M"], etc., are formed from 
each other by a series of subtractions. Suppose in a given case, 
all modes must be found to three significant figures, w, = 4 
radians per sec, and wn, = 40 radians per sec. Then, i) = 1/w,? 
= 0.0625 and An = 1/wn? = 0.000625. Since An is to be found 
from numbers from which . .An—; have been subtracted, it 
is obvious that \, will have to be found to at least five significant 
figures if Xn is to be found to three. 


4. ImprovepD Meruop or CALCULATING THE RESPONSE OF A 
System to Any INiTIAL CoNnDITIONS 


All possible free motions of the system are given by Equations 
[5], with constants of integration governed by Equations [7] 
and [8]. These equations give the initial displacements and 
velocities in terms of the ‘‘constants of integration” B,...Bs and 
D,...Dn. It is more useful to know the constants of integration 
in terms of the initial displacements and velocities. This in- 
version is easily accomplished by matrix theory. Premultiply- 
ing by [a]~! gives {D} = [a]~*{x}o, and{B} = But 
{a]~! = [A] (see Appendix); and the elements of [A] are already 
available from the original solution given in section 3. Evi- 
dently 

{D} 

Therefore, to find the motion of the system for any initial condi- 
tions, form one-column matrices of the initial displacements and 
velocities. Premultiply each by the [A] matrix; the resulting 
one-column matrices give the constants D,...Dn and B,...Bn 
for Equations [5], which then completely determine the motion. 
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Appendix 


In section 1 of the paper, the problem of finding the modes 
of undamped free vibration of a system of n degrees of freedom 
was reduced to that of solving the matrix equation 


[M]{z} = r{z} 


That is, since [M] is a square matrix of order n, the problem 
is to find the n values of \ and the n corresponding sets of values 
for 2...2n which satisfy Equation [4]. 

Let new generalized coordinates y;. . .yn be introduced, defined 
by the equations 


= hayr + 


or, in matrix language 
{z} = [H)}ty} 


where [H] is the matrix of the y-coefficients in Equations [20]. 
If y;...yn were independent coordinates, |H| ~ 0. Substitute 
Equation [21] in Equation [4]; then [(M][H]{y} = A[H]{y}. 
Premultiply by [H]~; then = A{y}. Let 


[VN] = [H]“[M][H] 
Therefore 
IN]ty} = Aly} 


The purpose of the substitution of new variables is to make 
{[N] numerically simpler than [M]. In matrix theory [N] is 
said to be “similar” to [M] if a matrix [H] exists such that 
\H| ¥ Oand [N] = [H]-"{M][H]; [N] is said to be found from 
[M] by a “similarity transformation.”’ Evidently the values of 
which satisfy Equation [4] must also satisfy Equation [23], 
since Equation [23] represents the same physical system as 
before. Only the coordinates have been changed, and the 
natural frequencies are independent of the choice of coordinates. 
The same fact expressed in matrix language is: The latent roots 
of [N] are the same as those of [M]. 

Another important property of the similarity transformation 
is 


][H], since [H]~[H] = [7] 


And in general 


IN}? = 


as may be shown by further multiplication. 

It is shown in books on the theory of matrices (5) that, if the 
latent roots \;...An of [M] be all real and different, it is possible 
to change [M] by a similarity transformation into a matrix [C) 
(called the ‘classical canonical form’”’) which has the n roots 
Ay...An, in any order, as the elements of its main diagonal, and 
zeros elsewhere (5a). In other words, a matrix [a] exists such that 
|a| O and 

[C] = [a]-"[M ][a] 


where 


This fact is of no use in numerical vibration calculations, since 
in order to find [a] it is necessary to know the values of \;. . . An in 
advance. There is also another canonical form [B], the “ra- 
tional’’ canonical form (5b), which can be found by a process 
equivalent to expanding |[M]— d[{J]| = 0; but a rough calcula- 
tion shows that to obtain [B] and then proceed as described in 
section 3 would require considerably more time than to operate 
on [M] asis. The canonical forms exist, however, and are very 
useful in abstract form in establishing theorems of matrix algebra. 

With the canonical form [C] it is a simple matter to prove the 
validity of the methods described in section 3. It is shown there 
that the method is equivalent to raising [M] to some high power 
p; and the convergence of [MJ]? to the form of Equation [9] can 
now be proved. For 


{a]~*[M ][a] = [C] 
Premultiply by [a] 
[M = 
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Postmultiply by [a]~! 
| 


By Equation [24] 


ll 
= 


By actual multiplication 


Let the elements of [a] and [a]~! be a,- and A,., respectively. 
Carrying out the multiplications indicated in Equation [27], 
it is found that 


n 
29] 
k= 1 
where [M|k = 
ky AnkA kn _| 


As stated previously, [C] may always be arranged so that \; > 
he > As > ... > An, provided these latent roots are all real and 
different. Then, for some high value of p, the quantities \.”, 
. -An? are negligible compared to \,?,and Equation [29 ]reduces 
to Equation [9]. The validity of the procedure for finding the 
fundamental mode is thus proved. 

As to number of multiplications required, suppose \,/A, = 2 
and accuracy of 1 part in 1000 is desired. Then 2? = 1000, from 
which p = 10 approximately. In practice, the ratio ,/d, is 
not known; multiplying continues until amplitude ratios having 
the desired number of significant figures repeat themselves. 

Since [a][a]~! = [a]~![a] = [J], it follows that 


= Oifk 


Lith = 


+ + ... + 
Letting k = j, Equation [11] is established. 
The correctness of the procedure for higher modes can be seen 
by forming the product [M]’{x}o, using Equation [29] for [M]’. 
By imposing the condition on the elements of {zx}, that 


+ +...+ = 


the first term of the summation is eliminated, and the second 
mode becomes dominant. By imposing further conditions like 
Equation [12] on the elements of {z}o, any desired number of 
modes may be eliminated, and the slowest remaining mode will 
then appear. 

The quantities D,...D,n of Equation [7] are really the 
“principal or normal coordinates” of classical vibration theory. 
Their properties are well known (4a). 

It was stated previously in section 3 that the equation 
{M]{z} = A{z} usually cannot be used for checking higher modes 
of a numerical problem. The reason for this is now given. 

For any combination of the normal modes, Equation [7] gives 
the initial amplitudes {2} of the masses. For m, for exaruple 


Zio = a,,D, > 2D, + eee + (31] 


When the kth mode of a numerical problem has been found, it 
is not absolutely correct, but corresponds to Equation [7] with 
Dx large and the other D’s small. Forming the product [M]{z}o 
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using Equations [29] and [7], it is found that, in view of Equation 
[30], the value of x, becomes 


Evidently the small amount of the first mode which was origi- 
nally present has been magnified proportional to \1/Ax; hence 
the failure of the check does not necessarily indicate serious 
errors in the values for the kth mode. 

It remains to establish Equation [10]. Let Myre and M,.” be 
the (rc)th elements of [M] and [M]?, respectively. From 
section 2 of this paper, Mre = dreme. Therefore, since dre = der 


From the multiplication rule for matrices 


n 
Myc? = (drum) (deere) 
k=1 


By examining this, it follows that ——- = —. Thus, M,.2 = 
Me* m 


Gree Where Qre = Qer. 


In forming [./]', the product may be taken as [M |?(.M] or as 


n 
The first gives = (graeme) (deere) 
k=1 


n 
The second gives M.,3 = (deums) 
k=1 
me 


Therefore — = 
Mer* Mr 


and by repeating the same steps 
M,.” Me 


... [34] 


Making use of Equation [29] gives 
M,.? me A + Pa, oA + A ne 
M.? Mer Ar + or + eee + AnPdenA nr 


[35] 


Since Equation [35] must be true for any value of p, it can be 
shown by elementary algebra that 


QnA}, 2e ArnA ne [3 
Mr ir er nA nr 
Thus, in general terms. . 
Ai ajim; 
[10] 
me ajiAiz Aik 
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Stress Model of a Complete Airship Structure 


By L. H. DONNELL,? E. L. SHAW,* anno W. C. POTTHOFF,* AKRON, OHIO 


The authors discuss considerations in designing stress 
models in general, and the construction, rigging, and test- 
ing of an airship model in particular. A new type of 
girder representation is described, having the unusual ad- 
vantages of varying the axial, bending, and torsional char- 
acteristics independently, and of incorporating convenient 
and sensitive means for measuring the corresponding 
stresses. Tests on a separate braced-ring model are com- 
pared with theory, and appear to be in good agreement. 
Similar tests on a duplicate ring in the complete model 
show the influence of the surrounding structure. 


r VHE nomenclature used in this paper is as follows: 


N general prototype dimensions 
l = 


general model dimensions 


_ prototype forces 


model forces 


1 The construction and testing of the stress model of a complete 
airship described in this paper were carried out by the Goodyear- 
Zeppelin Corporation under a contract with the U. S. Navy Depart- 
ment, as a part of special investigations recommended by the Special 
Committee on Airships of the Science Advisory Board. 

2,34 Goodyear-Zeppelin Corporation. 

Presented at the Annual Meeting of THe AMERICAN Society oF 
MECHANICAL ENGINEERS, held in New York, N. Y., December 6-10, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until August 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


V prototype unit deformations 
4 d = 


model unit deformations 
effective length of prototype and model memper, 
respectively; it may be defined as the total length 
from center to center of joint, minus the length 
which can be considered infinitely rigid due to 
joint 
= N,(1,,/l,); & is close to unity in practical cases 
modulus of elasticity of prototype members 
area of prototype members 
moments of inertia of prototype members 
axial, bending, and torsional stiffness, respectively 
= subscripts denoting prototype member, model 
member, and split tubes incorporated in the model 
members, respectively; thus, D,,, is the bending 
stiffness of a model member 
height of central crosspiece and length of split 
tube leg of model member, as shown in Fig. 5 
subscripts referring to model members, as shown 
in Fig. 5 
axial and lateral displacements of one end of a 
member relative to the other end 
bending and torsional rotations of one end of a 
member relative to the other end 
FandS = axial and shear forces, respectively 
M,, M, = bending and torsional moments, respectively 


D,, D, 
Pp, m, 


h anda 
u and v 
As A, 


Or, 


CONSIDERATIONS IN DEsIGNING MopDELs 


In recent years the tendency toward lighter structures and 
more refined methods of analysis has increased the number and 
importance of structural tests. Where it is impractical to test 
the full-scale structure.it is often advisable to construct a model 
of the prototype of convenient size, capable of being used to de- 
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termine the stresses and other effects produced on the prototype 
by the loads. 

In designing such models, two main requirements must be 
keptin mind. The first requirement is that the elastic properties 
of the model must be such that the behavior of the prototype 
under its load system can be accurately predicted from the be- 
havior of the model under its load system. The second require- 
ment is that practical means must be provided for accurately 
measuring, in all required detail, the elastic behavior of the 
model; for a simple structure this may be easy, but for a complex 
one it is likely to be a major practical problem. 

In this paper we will discuss a type of model suitable for struc- 
tures such as trusses and frames, which are composed of slender 
members—girders, struts, and tension members.’ For such a 
model the simplest way of satisfying the first of the foregoing 
requirements is as follows: 

The model is made geometrically similar to the prototype in 
general dimensions and lengths between joint centers, with a fac- 
tor of proportionality or length scale N;. The external forces on 
the model are given directions and points of application geo- 
metrically similar to those on the prototype, with a factor of pro- 
portionality, or force scale N;. Each model member is designed 
so that under a system of forces or moments F’, M, its unit def- 
ormations would be 1/N, times the unit deformations in the 
corresponding prototype member, under corresponding forces 
and moments of magnitude N,F, N;N,M (see Appendix 1). If 
the whole model is loaded with external forces 1/N, times those 
on the prototype, the internal forces in each member will bear 
this same ratio to those in the prototype and all unit deforma- 
tions will be 1/N, times those in the prototype, because such a 
result satisfies both equilibrium and compatibility conditions. 

The factors N, and N, can be chosen arbitrarily for conven- 
ience. The type of model here described permits as great a sensi- 
tivity with a small model as with a large one in determining the 
prototype stresses, so the model was made just big enough to get 
a hand between the loading rings shown in Fig. 1. The distance 
between these rings was made 4 in., requiring N; = 50. 

The factor N, determines the magnitude of the forces applied 
to the model. Since reasonably small forces can be measured as 
accurately as large ones, N; can be determined from other con- 
siderations. With the present type of model, the larger N, is 
taken the slenderer the model members become and the easier 
it is to make satisfactory joints; of more importance is the fact 
that the stresses in the model are smaller and there is therefore 
less danger of injuring it in testing. If this were carried to an 
extreme, however, the model might become too delicate. For 
the present model N, = N,? = 2500, which is the value N, would 
have if the model were an exact scaled-down facsimile of the 
prototype. For a model which is to be tested to destruction, N, 
and the model materials could be chosen to give the model some 
of the plastic as well as elastic properties of the prototype. 

The deformation scale N, can also be chosen arbitrarily if it 
is only desired to study first-order phenomena in the proto- 
type. There is an obvious advantage in having N, small, mak- 
ing the unit deformations larger and easier to measure. 

In some structures, however, second-order effects, due to 
change in the geometrical shape of the structure from its own 
deformation, are important. In a vaulted structure, such as an 
airship hull between bulkheads, the curvature may be changed 
to an important extent by deformation; other second-order 
effects are those associated with buckling. If the model is to 


5 A discussion of the application of stress models to airship-hull 
design, and a proposal for the general type of model described in this 
paper were given in a paper: ‘‘Model Measurements and Airship 
Stress Analysis,’’ by L. H. Donnell, Publication No. 3 of the Daniel 
Guggenheim Airship Institute, Akron, Ohio, 1935. 
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have the same second-order as well as first-order properties as the 
prototype, it must have the same geometric shape as the proto- 
type after deformation, which requires making N, = 1. It is 
obviously safest to do this if second-order effects are not known to 
be negligible, and the present type of model gives the necessary 
sensitivity in measurements. 

Some structures incorporate tension members, which have 
negligible resistance to compression and become slack under cer- 
tain types of load. Both the second-order effects mentioned 
previously and this discontinuous elastic action of tension mem- 
bers result in nonlinear relationships between external forces and 
the resulting internal stresses and deflections. The two causes 
should not be confused, however, as there is no primary connec- 
tion between N, and the latter cause. 


4 R 


+R, 


Fic. 2 Metsop or Loaps DIstrRinuTED ALONG 
MEMBERS 


When there is a nonlinear relation between loads and their 
effects, the principle of superposition does not strictly apply. 
This must be considered in attempting to predict the combined 
effect of several loadings from the results of tests under each 
loading. This also requires that all initial internal forces be- 
tween members of the structure, such as initial tensions of ten- 
sion members, or internal gas pressure in the case of a pressure- 
type airship, be reproduced to scale, just as if they were part of 
the loading. Finally, this bars, except as an approximation, the 
well-known method of studying structures or models by indirect 
loading through use of the reciprocal theorem; it might also be 
added that the measurements required in such a study are not 
easy to make on a three-dimensiona] structure. 

In the present case of an airship hull, both causes of nonlinear 
action were considered of possible importance. Hence, Nz was 
taken as unity and all initial tensions were reproduced to scale. 
The test program included numerous elementary loadings, but 
the importance of nonlinear effects was studied by testing a com- 
bination of several of these loadings,* and by a full-load test repre- 
senting a loading typical of the complete load system on an air- 
ship hull under severe conditions. 

Loads distributed along members between joints are difficult 
to apply in models. When the members are hinged at the joints, 
the first-order effect of such distributed loads, shown in Fig. 2a, 
can obviously be divided into local and general effects, produced 
by the load systems (b) and (c) shown in Figs. 2b and 2c, respec- 
tively. The local stresses due to (b) can be separately calculated 


® The results showed measurable but relatively unimportant non- 
linear effects. 
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by elementary methods and superposed on the general stress 
found from the model, which is loaded as shown in Fig. 2c. The 
members of an airship hull are continuous, but the same proce- 
dure was followed except that the individual girders of (b) were 
considered fixed at their ends; while this is not exact, it is a good 
approximation in cases such as this, where the local effects are 
small compared to the general effects, and loads vary continu- 
ously and gradually over many similar girders. 

It is practical to consider only resultant forces in model mem- 
bers, statically equivalent to the stresses at the ends of the proto- 
type members. We obviously cannot duplicate stress concentra- 
tions at the ends, due to details of joint design, but such stress 
concentrations or local weakness in the joints can be studied sepa- 
rately by building a typical joint as large as necessary, together 
with the members connected with it, and applying to the outer 
ends of the members the resulting forces indicated by the com- 
plete model tests. By Saint Venant’s principle, the conditions 
at the joint should be substantially as they would be in the actual 
prototype. 

The six types of resultant internal forces to which slender struc- 
tural members can be considered to be subjected are: Bending 
and shear in two transverse directions, axial loads, and torsion. 
In general, therefore, a structural-member representation should 
be designed so that each of the stiffnesses to these six types of 
forces can be independently varied to match the prototype mem- 
bers’ stiffnesses, and means for measuring each of the six types of 
forces should be provided. 

In most practical cases only part of these requirements are of 
any importance. Shear stiffness is seldom of any importance 
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compared to bending stiffness for the slender members considered, 
although shear forces must sometimes be especially provided for. 
For a true truss, that is a structure composed of hinged members 
forming triangular panels with all loads at the joints, only axial 
internal forces and stiffnesses usually have significance. For 
frames, or structures composed of panels of more than three sides, 
only bending moments and stiffnesses are usually important. 
Few actual structures fall exactly into either of these two classes. 
There are many cases—perhaps more than are commonly recog- 
nized—in which both axial and bending stiffness and forces are 
important. 

The conveitional airship-hull structure consists of continuous 
longitudinal and transverse girders in the outer surface, rigidly 


Fic. 4 THe Mope. Girper 


joined together to form rectangular panels, which are shear-braced 
in the direction of the hull surface by diagonal initially tensioned 
wires (see Appendix 3). Every third or fourth transverse girder 
is heavier than the rest and is braced by transverse tensioned 
wires, forming bulkheads which stiffen the hull radially and sepa- 
rate the fabric cells containing the lifting gas, as shown in Fig. 3. 

The structure forms a truss in the direction of the hull surface, 
and girder shear and bending stiffnesses in this direction are unim- 
portant; the corresponding small stresses can be estimated 
roughly from the axial strains. Because of the slenderness of the 
girders, the shear stiffness in the direction normal to the hull sur- 
face is also unimportant. 

There are important gas-lift and aerodynamic loads normal to 
the hull surface. The vaulting, or polygonal angle between suc- 
cessive transverse girders, enables a good deal of these normal 
loads to be resisted by axial forces in the members. But the 
polygonal angle is so flat, and the girders have to be so stiff in 
bending to be stable under compression, that bending stiffness and 
stresses are of majorimportance. The stiffnesses to be duplicated 
and forces to be measured in the present model were, therefore, 
in order of importance, axial, bending, and torsion. 


Tue Mopet GIRDER 


The girder representation finally developed to satisfy these con- 
ditions is shown in Fig. 4. It consists of two Z-shaped members, 
connected together at the ends by the joint blocks and composed 
of slotted tubes connected by a central crosspiece. As this cross- 
piece is relatively stiff the girder responds to bending and tor- 
sion in practically the same way as two straight slotted tubes, and 
for a given material the bending and torsional stiffnesses deter- 
mine the inside and outside diameter of the tubes. The proper 
axial stiffness is obtained by regulating the height of the central 
crosspiece. This height is found to be approximately twice the 
scaled-down depth of the prototype girders. 

The strains in the girder during tests can be measured optically 
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Fic. 6 View or Mirrors TAKEN THROUGH PEEP HOLE, SHOWING 
REFLECTION OF ScALE CARD 


by the rotations of four small mirrors 1, 2, 3, and 4, located as 
shown in Fig. 5, which are attached to the joints and crosspieces. 
Axial strain and force can be found from the relative rotation of 
mirrors 2 and 3 about axis S’ in Fig. 5, and average bending and 
twisting strains and moments from the relative rotation of mirrors 
1 and 4 about axes S’ and F, respectively. For loads at the joints 
only, the bending-moment diagram must be trapezoidal, and the 
bending moments at the ends and the shear force can be found 
from the rotations of the end mirrors 1 and 4 relative to the aver- 
age of the central mirrors 2 and 3. 

Measurement of the angular movements of the mirrors is facili- 
tated by the fact that only relative movements are required. 
Many methods for measuring these rotations can be used. For 
the present tests it was found sufficient to use a simple peep-sight 
arrangement whereby the position of a fixed mark on the mirror 
is observed through a pinhole in a ruled scale card against the 
reflection of the scale card; Fig. 6 shows a view taken through 
the pinhole in the scale card. With this arrangement the small- 
est division of the scale card represented about 1400 lb per sq in. 
axial stress or about 700 lb per sq in. bending stress in the proto- 
type girders. Since readings could be made to one tenth of a divi- 
sion, the sensitivity was ample for the purpose. 

Appendix 2 and Fig. 7 show the relations between the model- 


girder dimensions, its stiffnesses, the forces and moments on it, 
the mirror rotations, and the resulting chart readings. Because of 
the uncertainties in the end fixity of the split tubes, it is desirable 
to test sample girders. Changes of 1 to 5 per cent were required 
as a result of these tests, in the present instance. 


Tue Mopet ANnp Its Prororyre 


The model was designed to represent a simplified but typical 
airship structure.’ For simplicity, the number of longitudinals 
was about half the probable number in an actual large airship, 
and was 18 in the forepart and 12 in the rear. Since this number 
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is large in any case, the strains for an airship with a different num- 
ber or distribution of longitudinals can reasonably be obtained 
by interpolation. The fins are skeletonized to a single longitu- 
dinal girder, shear wiring and simple A-frames at the supporting 
main frames, giving approximately the general elastic characteris- 
tics of a typical fin. 

The greatest simplification was made in the shear wiring. The 
area and the initial tension of the simplified wiring were calculated 
to give the same shear stiffness (both before and after half the 
wires go slack), as for a conventionally designed airship. This is 
discussed in Appendix 3. 

The distances between joint center lines of the model were of 
course one fiftieth of the corresponding dimensions of the proto- 
type. For practical reasons, the joint lengths of the model dif- 
fered somewhat from the scaled-down effective joint lengths of 


7™The member areas of the prototype airship were computed by 
Kurt Bauch, Goodyear-Zeppelin Corporation. 
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an actual airship. This difference in the stiffening effect of the 
joints was corrected for in determining the model girder stiff- 
nesses; this is discussed in Appendix 1. It was assumed that 
half the length of the gusseted reinforcements at the prototype 
joint, which about double the arca of the girder booms, belonged 
to the free girder length and the other half could be considered as 
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infinitely stiff. For the model girder, the joint blocks were as- 
sumed infinitely stiff. 


Tue CoNsTRUCTION OF THE MODEL 


The split tubes used for the model girders were made of red- 
brass tubing having a yield point of 70,000 Ib per sq in. The 
joint blocks, crosspieces, and mirror brackets were of yellow brass. 
Assembly was by soldering with commercially pure tin. The 
mirrors had cross hairs photographically printed on the reflecting 
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surfaces, and were attached with wax. The wires were of Ever- 
dur, having a yield of approximately 125,000 lb per sqin., and were 
lightly tinned to prevent corrosion. 

The first step in the assembly was to solder one pair of longitudi- 
nal and transverse tubes to each joint block (to which wires for 
mirror brackets had previously been attached) in a small jig. 
This joint assembly was then placed in a similar jig, shown in Fig. 
S, where the tubes were bent to their proper angles. 

From there the joint assembly was installed in the ring as- 
sembly jig, shown in Fig. 9. This jig held each joint assembly in 
its proper position, and a transverse ring was completed by solder- 
ing the central crosspieces of the ring girder in place. When the 
ring was wire-braced, the washer, to which the bulkhead wires had 
been previously attached at the center, was slipped over a pin in 
the center of the jig shown in Fig. 9. The wires were threaded 
through the joint blocks and attached to calibrated springs 
arranged so that their reactions were against the ring joint 
holders. With the desired initial tension in the wires, pins pre- 
venting the joint holders from moving radially were removed, 
thus permitting the ring to flex radially, and transferring the re- 
actions of the springs from the joint holders to the ring. The 
bulkhead wires were then soldered in place. 

Fig. 3 shows part of the assembled model suspended vertically 
by a cable running to a winch, with which it was raised or lowered. 
Adjustments for centering the model at the top and bottom were 
provided. The assembled ring in its jig was placed on a table at 
the base of the erection jig and lined up in a vertical line with the 
top and bottom of the model by means of two transits located at 
a distance, approximately 90 deg apart. Vertical adjustments 
were made by leveling the table and raising the model to the 
proper height above the ring. The crosspieces of the longitudinal 
girders were then soldered in place. 

After each wire-braced ring was soldered in place and the ring 
jig removed, shear wires were installed back to the last previous 
wire-braced ring. One end of each shear wire was already sol- 
dered to joints of the latter ring, as explained later. The shear 
wires were laid in place in precut grooves in the joint blocks and 
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Fig. 10 ror SuPPORTING AND TESTING 


the free ends attached to calibrated springs arranged so that their 
reactions were against the new braced ring. The springs were 
adjusted to give all the wires the proper initial tension and the 
wires were soldered to the joints. In soldering the wires to the 
new braced-ring joints, the shear wire for the next bay was over- 
lapped in the joint grooves and soldered in place, ready for the 
previously described procedure to be repeated. The installation 
of the shear wires under tension reduced the initial tension in the 
bulkhead wires somewhat, which was allowed for in tensioning 
the bulkhead wires. 

Some airships have girders connecting the centers of the bulk- 
heads, to help support the bulkheads when the gas pressures on 
their two sides are unbalanced. Such girders were provided in 
the model, a section being installed as each braced ring and bulk- 
head was put in place. The bulkheads were attached to these 
girders by elongated taper pins, extending to the outside of the 
model so that they could be withdrawn and the model tested 
without the influence of these girders, if desired. 

As erection progressed, the weight of the model on the upper 
longitudinals had to be relieved by calibrated springs supported 
fromabove. There were many other practical problems of major 
importance, such as holding to necessary tolerances, bending of 
smal] thin-walled tubing, thermal effects on distribution of initial 
tensions due to soldering, and corrosion prevention, which cannot 
be discussed because of space limitations. The magnitude of the 
project can be realized from the fact that there were over 20,000 
parts in a model approximately 212 in. long and 33 in. in diameter, 
and nearly 2000 separate loads had to be applied in the full-load 
test. 


RIGGING THE MODEL FoR TEsTS 


After the model was completed it was installed in the test jig 
shown in Fig. 10. The principal general loads which occur on an 
airship hull are vertical weight, mass inertia forces, gas and aero- 
dynamic forces normal to the hull surface, aerodynamic forces 
normal to the fin surfaces, and lateral bulkhead forces. Vertical 
forces, representing weight and the most important type of iner- 
tia forces, are applied to the model by hanging weights at the 
joints. For simplicity, provisions were made for measuring in- 
ternal strains and stresses on only one side of the model, so that 
loading conditions are usually restricted to those symmetrical 
about a vertical plane through the longitudinal axis. Hence, fin 
loads are applied by weights to the horizontal fins only. Lateral 
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bulkhead forces are approximated by a single resultant force on 
each bulkhead wire, applied through a cord running outside the 
model to a pulley and weight. 

The normal loads are applied to the model by means of tension 
or compression springs between the joints and concentric load 
rings located 4 in. outside the model. These springs are ten- 
sioned or compressed by means of a calibrated spring balance, as 
shown in Fig. 1, friction effects being eliminated by rotating the 
balance, and the operation is repeated as many times as necessary 
to correct for the deformation of the model. The load rings are 
supported by a heavy backbone structure rigidly connected to 
the concrete floor. Provisions are made for deflecting the back- 
bone up and down in the center to keep the load rings concentric 
when the model is under a bending load. 

The model was suspended from the concentric load rings by 
about 50 springs attached to the lateral joints of the wire-braced 
rings and to the centers of the bulkheads. These springs were 
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made very flexible so that their forces would change as little as 
possible with distortion of the model. By distributing the sup- 
port in this manner, the initial strains due to the weight of the 
model itself were made negligible, and loads corresponding to the 
prototype weight could be applied the same as any other loads. 
Electrical contacts were provided at the nose and stern of the 
model to detect any vertical, horizontal, and axial movement. 
Balance of the loads on the model was indicated when all these 
contacts were broken. 

All girder-strain measurements were obtained by the peep- 
sight and mirror arrangement, details of which are shown in Fig. 
7 and discussed in Appendix 2. To keep the peep sight a constant 
distance from the mirrors, a beam was constructed to rotate about 
the longitudinal axis, of such shape that all parts of it were a 
fixed normal distance from the surface of the model as shown in 
Fig. 10. A car holding the peep sight can be rolled along the 
beam as shown in Fig. 11. A clamp is used for approximately 
centering one mirror on the center of the scale card, and microme- 
ter screws are provided for final adjustments. The scale card 
is strongly illuminated. 

To minimize second-order inaccuracies in the optical system 
and to keep the size of the scale card small, the mirrors were in- 


Fic. 12) ARRANGEMENT FOR TESTING SEPARATE WIRE-BRAcED RING 
stalled so that, under the no-load condition on the model, all 
mirrors in a single panel pointed as closely as possible toward one 
point, that is, the peep sight. To set the mirrors, an arm pivot- 
ing about a point corresponding to the peep sight was used. On 
one end of this arm there was a device for gripping a mirror, to 
the back of which wax had previously been applied. By holding 
the mirror next to the bracket and heating the bracket, the 
mirror would cement itself at the proper angle and distance from 
the pivot center. Under some loading conditions, the distortion 
of the model causes a significant change in the distances from 
the peep sight to the mirrors, so a radial adjustment is provided 
to bring this distance back to its original value. 

All wire tensions are measured by specially designed tensome- 
ters operating on the principle of measuring the force required 
to deflect the wire a small distance. Since this deflection short- 
ens the wire, the tension is thereby slightly increased. This in- 
crease varies with the flexibility of the surrounding structure, 
which was measured at various points and used to correct the 
meter readings. 


Mopet Tests 
An extensive program of tests under loads considered typical 


of important types of airship loading has been carried out, and it 
is hoped that this work can be continued. Studies of the tests 
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made have not been completed, but some results seem apparent. 
In general, the test results have shown no large deviations from 
the results which would be obtained by thé theoretical methods 
heretofore used in airship design, many of which are necessarily 
approximate. Valuable information has been given, however, as 
to the magnitude and nature of the approximations. Some of the 
results which are of more general interest are presented below. 

Before going very far with the model, a number of check tests 
were made on a separate model duplicating one of the largest wire- 
braced rings in the model. These tests are of special interest here 
because a relatively exact theory is available with which to com- 
pare them. 


' 
AXIS 


Fic. 13 DiaGram oF A WIRE-BRACED FRAME 


(Powos) 
Test Resucts 
—-~— THEORETIC 


4 4 4 
T 


Fic. 14 ror Unirorm Raprat Loaps or 4500 Ls PER 
JOINT ON SEPARATE RING 


o Resucrs 
——— THEORETICAL 


Jonr 9 


Fie. 15 ror Loap or 5000 Cos 2¢ Ls per Jornt 
on SEPARATE RING 


9 
5 
4 
q 
4 
4 
; 
\ 
\ / \ 
\ / 
\ / ' \ 
Forces 
(Povwos) 


JOURNAL OF APPLIED 


MECHANICS JUNE, 1938 


+ (Pours) 
' \ ———Tweorerican For | 
000d, Force 
\ (Pours) 
\ o Resucrs 
1,3 
\ 
an 
| 
I 
i | 
1 
\ 
| : | \ 
| 4 | \ 
4 | 
2 : 
\ 
ig = | 
\ \/ 
\ 
\l \ / \ | 
\-200000 
(Pours) forces 
1 1 4 4 1 
Fig. 16 Resvuits ror 25,000 Lp ConcENTRATED Loap, BALANCED BY Jerr 5 5 é 8 
RapraL Loaps PROPORTIONAL TO Cos ¢, ON SEPARATE RING 
Fic. 18 Resu.ts ror Two OpposiTE CONCENTRATED RaDIAL 


LAK 
(Pouves) 

Tesr Resurs 
—— For 
Ring Oncy 


Loaps oF 25,000 Lp Eacu AppLiep TO RING IN THE MODEL 


The test frame was suspended horizontally in a specially con- 
structed jig as shown in Fig. 12. A concentric load ring was ar- 
ranged so that radial loads could be applied at the joints in the 
plane of the ring, by means of springs or weights. 

‘The frame, shown diagrammatically in Fig. 13, was tested under 
the following loading arrangements: (1) Uniform radial load of 
4500 Ib per joint; (2) radial loads equal to 5000 cos 2 ¢ per joint; 
(3) 25000 lb concentrated radial load balanced by radial loads pro- 
portional to cos ¢. All data are referred to the prototype. Loads 
were such that initial tension in the bulkhead was not exceeded. 

The test results, obtained in the same manner as in the complete 
model, are plotted in Figs. 14, 15, and 16, together with calculated 
results obtained with a previously published theory for stiffened 
rings.* The scales to which the results are plotted were chosen 


8 ‘Analysis of Spoked Rings,” by L. H. Donnell, H. B. Gibbons, 
and E. L. Shaw, Report No. 2 of the Special Committee on Airships of 
the Science Advisory Board, January 30, 1937, Stanford University 
Press, Stanford University, Calif. 
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DONNELL, SHAW, POTTHOFF—STRESS MODEL OF AIRSHIP STRUCTURE 


TABLE 1 CONSTANTS FOR WIRE-BRACED RING MODEL2 


——— Ring girders——-——. -~— Bulkhead wires 
Initial 
; Dap = EA, |b Dop = EI Dap = EA, tension, 
Joints Ib in.? lb Ib 
1-1 22.00 X 108 22.50 X 108 
1-2 22.00 108 22.50 X 108 
2 4.91 108 6870 
2-3 22.30 X 108 23.05 108 
3 5.29 X 106 7 
3-4 23.10 X 10° 23.62 X 10° 
4 ate 4.91 10° 6870 
4-5 23.10 X 108 23.62 108 
4.91 X 108 6870 
5-6 23.10 X 108 23.62 108 
6 4.91 X 108 6870 
6-7 23.10 X 108 A if 
4.91 X 108 6870 
7-8 24.00 X 108 24.42 108 
8 4.91 X 108 6870 
&-9 24.95 108 25.25 X 108 
9 4.91 X 108 6870 
9-9 24.95 X 108 25. 25 X1 Sauer : 
Average 23.23 X 108 23.73 X 10 5.13 X 108 6930 


e Girder constants are effective constants allowing for joint stiffness; all 
values are for prototype. 

Nores: Radius of neutral axis of ring = 803 in.; length of bulkhead 

wire = 777 in.; modulus of ring members = 10 X 106 lb per sqin.; modulus 
of bulkhead wire = 27 X 10¢ per sq in. 


to give each type of internal force its proper relative importance. 

The properties of the ring are given in Table 1. It will be seen 
that the ring and bulkhead areas vary considerably around the 
ring. A uniform ring and bulkhead are assumed in the theory, 
and of course average values of the areas were used in the cal- 
culations (the average bulkhead area was likewise used in cal- 
culating the bulkhead forces from the bulkhead stresses given by 
the theory). Some of the deviations shown are undoubtedly due 
to these variations in area, but even if this were neglected the 
check would be quite favorable. 

The duplicate ring incorporated in the complete model was also 
tested under somewhat similar loads and the results of these tests 
show the effect of the surrounding hull—an effect which is very 
difficult to calculate. These test results are compared in Figs. 
17 and 18 with calculations made by the same theory as previously 
mentioned, neglecting the effect of the hull. Fig. 17 shows the 
case of loads on the joints equal to 5000 cos 2 ¢, while Fig. 18 
shows the case of two radial concentrated loads of 25,000 lb each 
at opposite ends of a ring diameter. 

A rough appraisal of the results indicates that the presence of 
the hull considerably reduces the bulkhead forces, affects the ring 
bending moments but little, and introduces an appreciable cos 2 
component into the ring forces in both cases. The effect of non- 
uniform area of the ring and bulkhead is apparent in Fig. 18. 
Around joint No. 1 where the bulkhead is heaviest and the ring 
lightest, the bulkhead force is somewhat higher than at joint No. 
9, where the bulkhead is lighter and the ring heaviest. Similarly 
the ring moments around joint No. 1 fall below the theoretical 
curve based on average values, while at the top they are higher 
than the theoretical curve. The same tendency appears in the 
ring forces, but to a lesser degree. 

The authors wish to acknowledge the cooperation of O. W. 
Loudenslager, who was responsible for much of the original de- 
velopment work on the type of model girder described, and of 
others of the staff of the Goodyear-Zeppelin Corporatinn; of the 
Bureau of Aeronautics, Navy Department; and of tive Special 
Committee on Airships. 


Appendix 
AND Mopet RELATIONSHIPS 
The unit axial deformation in the prototype member is N, 
times the unit axial deformation in the model member, or 
Fi, 
Dep Dem 


Sep = NiNaAam = 


from which 


For girders, the bending and torsional angular strains must be 
NaMomlm 


6,. =N = 
Pom Dip Dim 
N aM inl, 
tp im D., Dim 
from which 
)) N,N? bp and t N,N? [ ] 
Appendix 2 
MATHEMATICAL ANALYSIS OF THE ELASTIC PROPERTIES OF THE 


MopeEt GIRDER 


The elastic properties of the model member are functions of 
its dimensions and the elastic properties of the split tubes of 
which it is composed. 

In Fig. 5 are shown the symbols and positive directions for the 
six force and moment components which may act on the right- 
hand end of the girder, and of the six linear and angular displace- 
ments of this end relative to the other end. The subscript m will 
be used with these symbols to designate the forces and moments 
on the whole model member, while the subscripts u and v will be 
used to designate the forces and moments on the two separate 
Z-shaped members, as indicated in the figure. The displace- 
ments are common to both Z-shaped members, since it will be 
assumed for the present that the ends of the two Z-shaped mem- 
bers are coincident. 

For the two separate Z-shaped members and for the complete 
model member, we have, by the principles of elementary mechanics 
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The bending stiffness D,, of the split tubes will be considered 
the same in all directions, neglecting the effect of the narrow slot. 
Also shear displacements of the split tubes are negligible in com- 
parison to their bending displacements. 

We also have six more relations stating that the forces and mo- 
ments on the complete member equal the sums of the forces and 
moments on the two Z-shaped members 


The following equations are then derived by eliminating the 
forces and moments F,, F,, My,, M;,, etc., on the separate Z- 
shaped members, between Equations [3], [4], and [5] 


l 
Om = + = 


[2Mom 


2D,, 2Dum 
4a5 l 
ah? 
Ae = = Pu 
16D,, Dam 


from which, solving for h, D,,, and D,,, and using 


a= 4. lm?) 
\ Due 


| 
> [7] 
| 


From these formulas and those of Appendix 1 we can deter- 
mine h, D,,, and D,, by using the properties of the prototype mem- 
ber, the scales, and the joint widths of the model (which determine 
l,,). It remains only to determine the mean diameter d and wall 


’ Shear and axial strain in the split tubes are negligible in the pres- 
ent instance. In some cases it might be necessary to add the axial 
strain of the split tubes to these expressions for Ag. 
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thickness ¢ of the split tube in order to obtain the desired values 
of D,, and D,,. If we neglect the width of the slot, the resulting 
formulas are sufficiently accurate for preliminary design of the 
model, as the slots are very narrow. By well-known formulas 
since ¢ is roughly about 5 per cent of d, we have 


E, 
D,, ~ dtE,and D,, ~ dt? 
8 31° 26 


from which 


8 \ 8 
120 and = (Pe). 


It has been assumed that the ends of the Z-shaped members 
are coincident. Actually, for practical reasons the two Z-shaped 
members must be separated laterally as shown in the end view of 
Fig. 5. However, advantage is taken of the fact that in a split 
tube the center of twist is outside of the tube, on the axis of and 
on the opposite side from the slit. By locating the slit at the 
proper angle, as shown in Fig. 5, the centers of twist of the two 
tubes can be made to coincide and the foregoing theory then 
applies. The model member is located so that this center of 
twist is in the position corresponding to the longitudinal axis of 
the prototype girder. If the centers of twist do not coincide, the 
elastic behavior of the model member is imperfect, tensile forces 
producing slight torsional displacement, and vice versa. The 
proper angle for the slit is determined experimentally to eliminate 
this effect. 

The last values of 6,,, and 6,,, in Equations [3] give the rota- 
tions of mirror 4 relative to mirror 1, located as shown in Fig. 5. 
Similar expressions can be derived by elementary mechanics for 
the rotations of mirrors 2 and 3 relative to mirror 1. The relation 
between these mirror rotations and the peep-sight chart readings 
are evident from the diagram of Fig. 7. From these relations, 
the relations between the mirror readings and the forces and 
moments on the model member are readily calculated. Using the 
symbols shown in Fig. 7 and letting X4-,, X3-2, etc., represent 
the relative change in mirror readings parallel to the axis of the 
member between mirrors 4 and 1, 3 and 2, etc., due to the changes 
in load (primes being used to designate changes in mirror readings 
transverse to the axis), we find 


l,, 4l,,L | 
| 
6 
M,,, (average over girder) = 
8D,,,d 

(2X2-1 + X3-2 Xa-1) | 
Din | 
Mm = | 
tm 2l,,L X | 


The prototype forces and moments are of course N, and N,N, 
times the foregoing values. The foregoing analysis involves 
several simplifications, but is sufficiently accurate for most ap- 
plications. 


Appendix 3 


REPRESENTING THE SHEAR STIFFNESS AND INITIAL TENSIONS OF 
MULTIPLE-PANEL SHEAR WIRING WITH SIMPLIFIED WIRING 


The panels of airship hulls are usually provided with several 
types of shear wires, for example, wires spanning one, two, and 
three panels as shown by wires 1, 2, and 3 in Fig. 19a. When such 
a system is subjected to increasing shear loads there is first a 
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Fig. 19 Reuations BETWEEN SIMPLIFIED AND CONVENTIONAL 
SHeaR WIRING 


stage when no wires are slack, then a stage when some of the 
wires taking compression are slack, and finally the stage when all 
compression wires are slack. The size and initial tension of the 
simplified wiring used for the model, shown in Fig. 196, can be 
chosen to exactly duplicate the first and last stages but not the 
intermediate stage. However, Fig. 19c, which shows the relation 
between shear force and shear deformation for a conventional air- 
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ship and for the simplified model prototype, shows that close 
conformity can be obtained. 

In calculating the panel shear stiffness, the girder joints are 
assumed hinged and axial strains in the girders are neglected. 
Using the subscripts 1, 2, 3, and p for the different types of wires, 
and other symbols shown in Fig. 19, the force in a wire is 


total strain A, sin @ COS @ 
Then, from equilibrium considerations 
Sb = 2b sin a,F, = 46 sin mF; + 4b sin oF, 
+ 4b sin aF;............ {11} 
From which, using Equation [10] and noting that a, = a» 


{10} 


in2 in2 
SIN* COS a2 COS ae 
This relation assumes that all wires remain taut, and insures that 
line A, shown in Fig. 19c, is the same for the simplified wiring as 
for the conventional wiring. Line B, for the case when all 
counterwires are slack, must have the same slope (namely, half 
the slope of line A) for both types of wires, since just half the 
wires are effective in each case. For line B to coincide for the 
two cases, the initial tension in the prototype wire must be deter- 
mined so as to make the intercept S’ of line B with the vertical 
axis the same for the two cases. This intercept represents the case 
of zero strain with initial tensions acting in half the wires; there- 
fore, S’ represents the shear force produced by the initial tension 
in half the wires. Then, using F’ for the initial tensions, we 
have, as in Equation [11] 
= bsin a,F’, = 2bsinaF’; + 2bsina:F’; + 2bsin a;F’; 

= F’, + 


sin a sin 
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Heat Dissipation Through an Annular Disk 
or Fin of Uniform Thickness 


By WILLIAM MacGREGOR MURRAY,' CAMBRIDGE, MASS. 


The subject matter considered in this paper deals with 
the mathematical investigation of heat flow in an annular 
disk of uniform thickness. Originally, the investigation 
was carried on in connection with the design of fins for 
increasing the heat transfer in various kinds of heat ex- 
changers and engines. The results of the study, however, 
might easily be applied to a number of other problems, 
since by altering the boundary conditions slightly one may 
use the same basic equations for calculating the tempera- 
ture distribution and heat transmission in grinding wheels 
and disk clutches. 

The study of the problem in connection with fin design 
has brought forth other solutions for special cases of the 
general proposition considered here. The particular 
results obtained by previous investigators’ can be readily 
found from the general equations given in this paper. 
In order to assist in the numerical solution of the some- 
what complicated equations a chart for evaluating the 
mathematical expressions has been included. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


k = the coefficient of thermal conductivity of the material 
of the disk or fin 
E = the surface coefficient of the disk 
y = half the thickness of the disk 
ro = the inner radius of the disk 
R the outer radius of the disk 
r the radius to any point on the disk 
¢ the angle of reference with the plane of symmetry 
perpendicular to the plane of the disk 
6 = the temperature at any point on the disk 
I,(z) = the modified Bessel function of the first kind and 
order p 


p+2 
(:) 
- 
cat ol T (p + 2 + 1) 


K,(z) = the modified Bessel function of the second kind and 
order p 


1 Instructor, department of mechanical engineering, Massachusetts 
Institute of Technology. 

2 ‘‘Mathematical Equations for Heat Conduction in the Fins of 
Air-Cooled Engines,’’ by D. R. Harper and W. B. Brown, National 
Advisory Committee for Aeronautics, Report No. 158, 1923. 

“Die Warmeiibertragung durch Rippen,’” by E. Schmidt, 
Zeitschrift des Vereines deutscher Ingenieure, vol. 70, June 26, 1926, 
p. 885; and July 10, 1926, p. 947. 

Presented at the Annual Meeting of THE AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS, held in New York, N. Y., December 6-10, 
1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until August 10, 1938, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


a{I_,(x) —I,(z)} 
7 2 sin (pz) 
Norte: If p is an integer, then K, is the limit of 
this expression as p approaches the integral 
value. 


STATEMENT OF THE PROBLEM 


It is desired to find the equations for expressing the tempera- 
ture distribution and heat transfer of an annular disk of uniform 
thickness when heat is being received through one edge, whose 
temperature is known, and transmitted to the surrounding me- 
dium through the exposed surfaces. 

The problem will be considered from the point of view of find- 
ing the heat transfer from a circular fin of uniform thickness 
which is added to a tube for the purpose of increasing the heat 
transfer through this addition of transfer area. In order to set 
up the differential equation of heat flow and to obtain a satis- 
factory solution it will be necessary to make some assumptions 
and simplifications as follows: 

1 The heat flow and temperature distribution throughout the 
disk are independent of time. That is, the steady state of heat 
flow prevails. 

2 The material of which the disk is composed is homogeneous 
and isotropic. 

3 There are no heat sources within the disk itself. 

4 The heat transfer from the exposed surface at any point is 
proportional to the difference in temperature between the 
disk and its surroundings. 

5 The conductivity and surface coefficients, k and E, remain 
constant. 

6 The temperature of the surrounding medium is uniform. 

7 There prevails a condition of symmetry of heat flow about 
some plane perpendicular to the plane of the disk and passing 
through the center. 

With the proportions usually found in fin design, the thickness 
2y is relatively small compared with the other dimensions. 
This is a helpful condition since it permits the solution of the 
problem in two dimensions instead of three on the assumption 
that the heat flow in the direction of the thickness of the fin or disk 
can be neglected. The error inttoduced by this simplification will 
be small for the majority of cases. In order to simplify the mathe- 
matical equations the scale of temperature will be so chosen that 
the surroundings will be at zero degrees relative to the fin. 


THE SOLUTION 


The differential equation of heat flow can be set up by making 
a heat balance on the elemental particle as illustrated in Fig 1. 
This yields the result 


(1) 
or? r Or r? dp? 


which may conveniently be solved for the value of 6, the tempera- 
ture at any point on the disk. The general solution gives an 
infinite series involving modified Bessel functions of the firs:t 
and second kind and may be written as | 
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MURRAY—HEAT DISSIPATION 


n= @ 

6 = (A,, cos + B, sin u,¢) + |. . (2) 
n=1 

where m = +/(E/ky), and A,, B,, C,, u, are four arbitrary 


constants which must be determined in accordance with the 
boundary conditions given in the statement of the problem. 

Briefly, the boundary conditions are as follows: 

1 When r = ro, the temperature may be expressed as some 
function of the angular distance from the reference of the plane 
of symmetry; hence @ = F(¢). 

2 At the outside edge of the disk the heat being given off at 
the boundary is just equal to that carried up to the boundary by 
conduction within the disk; hence 


—k 00/dr = 
3 From the conception of the conditions of symmetry there 
can be no flow of heat through the plane of symmetry; hence 
= 0. 


when ¢ = 0, 00/0@ = 0 and when ¢ = 


Trace of the 
g=n --- Plane of 


Symmetry , 
L Jey 
> 


Fig. 1 DtaGRaAM oF THE CriRCULAR FIN oR Disk oF UNIFORM 


THICKNESS 


By solving for the constants of Equation [2], according to these 
boundary conditions and making the necessary substitutions, 
the expression for the temperature in the disk results in 


Io(mr) + CoKo(mr) 
2 I,(mr) + | 
.. [3] 
where 
km 
+ | + I,(mR) 
km 
+ | — K,(mR) 
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From Equation [3], which expresses the temperature at any 
point on the disk, one may now derive the equation for the heat 
transfer, Q, since 


Q= SEodA 
For the whole disk 


R 
if Eor dr dp + of do..... {6] 
ro 0 0 


where 4g is the temperature at the outside edge of the disk. 
By substituting for the value of @ in Equation [6] and performing 
the integration all terms except the first will drop out, leaving 
the much simpler equation 


per unit time............. 


CoKi(mro) — I,(mro) 


In Equation [7] the constant Co is somewhat complicated. 
See Equation (4]. However, by means of a slight approxima- 
tion this may be greatly simplified. The temperature toward 
the outer edge of the fin approaches that of the surroundings 
and consequently the fin’s exposed edge is not so effective in 
transmitting heat as those parts nearer the base. In addition to 
its relatively low effectiveness, the area of the outer edge of the 
fin is only a small part of the whole, and therefore the heat trans- 
mitted by it is only a very small part of the total transfer from 
the fin. Calculation has shown that neglect of the heat given 
off by the exposed edge of the fin introduces an error of about 
2 per cent or less. Since neglect of the heat transfer through the 
fin’s outer edge introduces such a small error, one is justified 
in the approximate assumption that no heat passes through this 
area. Due to this new conception the temperature gradient at 

= Rwill be zero. Consequently, the mathematical expression 
can be greatly simplified by developing the equations in accord- 
ance with this approximate boundary condition which may be 
written as 2(a) 00/0r = O when r = R. 


Ip—-1(mR) + Ip+1(mR) 
K,p-1(mR) + Kp+i(mR) 


Md = 
Hence = 


and therefore 
— Ki (mro) — Ki(mR) I, (mre) 
ce | Ko(mro) + Ki(mR) 


In the special case in which the temperature around the 
inner edge of the disk happens to be constant the equation for the 
heat transfer is much simpler still and may be written 


I(mR) Kx(mre) — Ki(mR) | 
E= + Ki(mR) To(mre) | 
or 

——— | Ii(mR) Ki(mro) — Ki(mR) Ii(mro) | 
Q = (Bky Ko(mra) + Ki(mk) | 


where @ is the temperature of the inner edge of the disk. 


APPLICATION 


In the use of fins for increasing heat transfer from a surface, 
one of the important requirements is to know what the effect 
of adding a given size of fin will be. Equation [9] expresses the 
amount of heat transmitted by a given fin under certain condi- 
tions of temperature around the base or inner edge. One can 
readily calculate the amount of heat which would be transmitted 
by that area under the fin, if the latter were removed. By di- 


y=0 
‘ 
R 
; 
Base. 
eee 
: 
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viding the former quantity by the latter, one finds how much the 
heat transfer of this particular area may be increased by adding 
the fin. Such a process of numerical work is somewhat tedious 
and can be very much simplified by introducing a new quantity 
“fin effectiveness” which can be calculated as explained above 
and defined as n 

Q 


2 "2EyrF (¢)d¢ 


using the value for Q as given in Equation [9] 


Ey /UI(mR) Ko(mro) + Ki(mR) Io(mro)_| 

Equation [12] gives the fin effectiveness which is not only a 

dimensionless number but is quite independent of the tempera- 

ture distribution around the base of the fin. This last result 

is of considerable importance since it materially reduces the 

amount of work required to predict the increase in total heat 
transfer due to the addition of the fins to a smooth tube. 
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In view of the fact that tables of modified Bessel functions* 
are not readily available to the majority of designers, the expres- 
sion 

val I,(mR) K,(mro) — Ki(mR) I,(mro) 
I,(mR) + K,(mR) Io(mro) 


which is a function of only two variables (mR) and (mro) has been 
evaluated and the results are shown graphically in Fig. 2. By 
means of this chart and Equation [12] one can find the fin ef- 
fectiveness and also the total heat transfer from the fin by sub- 
stituting in Equation (9). 


NUMERICAL EXAMPLE 
A smooth steel tube, 1'/2 in. outside diam, transmits heat 


3 “A Treatise on Bessel Functions and Their Applications to Phys- 
ies,” by A. Gray, G. B. Mathews, and T. M. MacRobert, Macmillan 
and Company, Ltd., London, 1931, pp. 303-315. 
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from a liquid inside to the air outside at a rate such that the sur- 
face air coefficient, E = 2.1 Btu per sq ft per deg per hr. By 
welding steel disks to the outside of the tube the over-all heat 
transfer may be raised considerably. It is now important to 
know just how much the heat transfer may be increased by a 
given size of fin with a given spacing. It is proposed to use fins 
3'/2 in. outside diam, '/s in. thick and spaced 1'/ in. on centers. 

By how much will the heat transfer be increased? The con- 
ductivity of steel may be taken as k = 26 Btu per sq ft per ft 
per deg per hr. The ratio E/k = 0.00673 in.~! units 


E 0.00673 
m= = 0.328 in.~! units 


ky 

16 
ro = 0.75 in. mro = 0.246 
R = 1.75 in. mR = 0.574 


For these values of (mo) and (mR) the value of £ as found from 
the chart, Fig. 2, is given as = 0.55. 


Hence, the effectiveness of the fin will be given as 7 = , mt 


= = . 
0.00673 X 0.328 X 0.55 = 26.8 


Therefore, the effect of the fin is to increase the heat transfer from 
the area upon which it stands 26.8 times. 

The fins are spaced 1'/2 in. apart, so there will be eight of them 
per ft of tube. The fins themselves will cover 1 in. length per 
ft of tube and since the heat transfer from this part has been in- 
creased 26.8 times, therefore the total heat transfer per ft length 
of tube will be increased 


1 11 
x 208) 3.1 times 
By this method it is possible to calculate the effect of adding fins 
without necessarily knowing anything other than the fin dimen- 
sions, the fin spacing, and the conductivity and surface coefficients 
for the material. By placing the fins closer together the heat 
transfer could be increased still more but ultimately the fins 
would be so near together that interference in the air flow between 
them would take place. 

Before concluding this article, a few words about the limitations 
of the theory will not be out of place. Two points to be con- 
sidered are the possibility that the addition of a fin changes 
the temperature distribution around the tube, and the effect of 
the spacing of the fins. For tubes in slowly moving air, investi- 
gations carried on in Germany‘ lead one to believe that the addi- 
tion of the fins has very little influence on the temperature dis- 
tribution but that the fin spacing is of great importance. Com- 
parison between theory and experiment shows good agreement 
until the distance between fins is less than about one third the 
diameter of the tube. At this point, the difference between 
measured and computed heat transfer appears to be about 12 
per cent with the difference becoming greater as the distance 
between fins is decreased. As one would expect, the calculated 
value of the heat transfer is always higher than the measured 
value. However, with greater distances between the fins the 
two values closely approach one another. 


‘Das wirtschaftlichste Rippenrohr,”’ by H. Kochinke, Archiv fiir 
Warmewirtschaft, vol. 14, no. 6, June, 1933, p. 149. 


: 
= 
: 
= 
| 
| 
Owe | 
f | 
| 
| 
| 
| 
| 
| 
| 
— 
. 
a whe 
1 


Design Data 


It is important that the data contained in technical 
papers be made readily available to designing engineers. 
In order to satisfy these needs of industry, this section of 
the Journal will include a concise presentation of data and 
information drawn chiefly from papers previously pub- 


lished by the Applied Mechanics Division of The American 
Society of Mechanical Engineers. 

The data are prepared by a subcommittee of the Applied 
Mechanics Division on strength of materials (R. E. Peter- 
son, chairman), under the guidance of S. Timoshenko. 


Circular Beams Loaded Normal to the Plane of Curvature 


By MERVIN B. HOGAN,' NEW HAVEN, CONN. 


HIS paper presents expressions for the deflection, angle of 

slope, and angle of twist of the free end of a circular can- 

tilever beam with a concentrated load acting at any point 
along the center line of the beam and perpendicular to its plane 
of curvature. Like results are also given for three different 
cases of distributed loading. The values of the reaction and the 
angles of slope and twist at the simple support are given for a 
circular beam built-in at one end, simply supported at the other 
and loaded as in the first of the above cases. In addition, 
similar expressions are presented for like beams with the same 
three distributed loadings as the above cantilever arcs. Finally, 
equations are given for the three internal reactions: Bending 
moment, twisting moment, and shear existing at the plane of 
symmetry of a circular beam built-in at both ends with an ar- 
bitrarily placed concentrated load acting perpendicular to the 
plane of the are and at its center line. 


INTRODUCTION 


The subject of circular beams loaded normal to the plane of 
curvature has received but slight attention by the engineer- 
ing profession and treatment of the topic is very meager in 
engineering literature. This lack of material, however, is no 
index to the importance of the subject as many circular elements 
are so loaded in structural engineering and electrical machinery, 
while others serve as essential machine parts. 

The problem is one of combined flexure and torsion and the 
solution is complicated by expressions containing a great number 
of terms. Consequently, almost any such case can be solved only 
by means of lengthy expressions involving transcendental func- 
tions. From an engineering point of view the solution is made 
more difficult by the fact that in many cases, even after an ana- 
lytical solution is obtained, the numerical evaluation requires the 
use of a calculating machine instead of the more conventional 
and convenient slide rule. This is necessary because sufficient 
accuracy is often obtainable only by the use of from five to seven 
figures, which is due to the obvious difficulty that arises when 
the small difference of nearly equal terms results. Consequently, 

1 Sterling Fellow in Mechanical Engineering, Yale University. 
On leave of absence from the University of Utah where he is associate 
professor of mechanical engineering. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until August 10, 1938, for publication at a later date. Discussion 
received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


engineers have been content largely to employ rough approxima- 
tions in the solution of these problems. 

A consideration of the deformation of naturally curved beams 
was first considered by Saint Venant (1, 2, 3).2, Other work has 
appeared from time to time since, some of which is listed in the 
accompanying bibliography. The work of Unold (19) is un- 
doubtedly of principal engineering interest. It also contains 
a complete historical account of the development of the problem 
and an extensive bibliography. The results presented in this 
paper are taken from an unpublished dissertation by the writer 
(22). 


NOMENCLATURE 


= width of rectangular cross section 
height of rectangular cross section 
modulus of elasticity in direct stress 
modulus of elasticity in shear stress 
principal moment of inertia of the cross-sectional 
area with respect to the axis of bending 
= torsional effect of the cross-sectional area? 
flexural rigidity 
torsional rigidity 
ratio of EI to GJ 
bending moment at specific cross section 
twisting moment at specific cross section 
shear force at specific cross section 
angle subtended by a circular arc 
variable angle of are denoting position 
angle of slope 
angle of twist 
deflection of the end of a circular beam 
intensity of loading of a distributed load 
total transverse load 
concentrated load 
reactive force 
= radius of center line of curved beam 


The derivation of the results here presented was accomplished 
by use of Castigliano’s theorem and expressions for the strain 
energy of the members. It was assumed that the beams were 
sufficiently flexible that the effect of direct shear was negligible 
compared with the effects of bending and torsion. Hence, the 


2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

3“*Theory of Elasticity,”” by S. Timoshenko, McGraw-Hill Book 
Company, New York, N. Y., 1934, pp. 248-249. 
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Fic. 2. Enp DEFLEcTIONS FoR Case II 


strain-energy expressions contain only the terms due to the 
flexure and torsion. 

In the following statically indeterminate cases, the aim has 
been to make possible the calculation of stress at any point in 
a curved beam of uniform cross section. The bending stress 
is a simple matter, while the calculation of the twisting stress 
for cross sections other than circular requires constants which 
are functions of the cross-sectional shape. The work of Weber 
(18)* is probably the most extensive source of information in 
this connection. A more limited source is Timoshenko’s ‘“Theory 
of Elasticity.’’* 

The curves here presented are plotted in the case of each 
function for three cross-sectional forms with steel as the chosen 
material. The ratio of the modulus of elasticity to the modulus 
of rigidity was assumed to be 2.6 (Poisson’s ratio equal to 0.3). 


4 Weber's work is to be found abstracted (with the constants given) 
in the following: ‘‘Die Drehungsfestigkeit von Stiben,’’ by C. 
Weber, Zeit. V.D.I., vol. 66, August 12, 1922, pp. 764-769. Also, 
Mechanical Engineering, vol. 44, 1922: November, pp. 738-740; 
December, p. 843; ibid., vol. 45, January, 1923, pp. 45-47. 


Fic. 3) Enp DeFLections For III 


Fie. 4 Enp DeFLections For Case IV 


The cross-section forms are shown in Fig. 1b. For the circular 
cross section the area has a polar moment of inertia J equal to 
twice the moment of inertia J with respect to a diameter. Hence, 
the ratio of the flexural rigidity EJ to the torsional rigidity G/ 
is 1.3 for the circular cross section. This has been denoted by 
e. For comparison, the other two cross sections were taken 
rectangular in form, one having a width three halves the height 
and the other a height three halves the width. The respective 
moments of inertia with respect to a centroidal axis perpendicular 
and parallel to the short side a are 0.125 a‘ and 0.2813 a‘, while 
the torsional effect J? of the cross sections is the same and of the 
value J = 0.294a‘. Thus, the corresponding ratios ¢ are « = 
1.105 and e; = 2.485. The curves plotted with these three con- 
stants give a good idea as to the effect of the cross-section’s shape 
upon the variation of the various functions. 

All the expressions for the various beams and loadings are 
given in Table 1. 


SraTICALLY DETERMINATE 


The circular cantilever beam of arc a with a concentrated load 
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P acting normal to the plane of curvature at the arbitrary angle 
y from the free end is shown in Fig. la. The curves shown in 
Figs. la, 1b, and 1c present the end deflection of this beam for the 
three specified cross sections and various indicated ratios of 
y/a for values of a from 0 to 360 deg. The expressions for 6, 
8, and @ are given in Table 1 for this beam under the designation 
of case I. 

The results for this case of general loading are useful to obtain 
similar values for any type of loading. It is only necessary to 
substitute a differential load for the concentrated load P in the 
expressions for 6, 8, or @ and integrate. Such integrations have 
been made for the uniformly increasing, the uniform, and the 
uniformly decreasing distributed loads. These, in turn, are 
identified as cases II, III, and IV, respectively. The deflections 
5 are given for each of these cases, respectively, by Figs. 2, 3, 
and 4. 


SraTICALLy INDETERMINATE CasEs 


The preceding cantilever beams become statically indeter- 
minate when a simple support is placed at the free end. The 
foregoing four cases then become, in turn, those designated here 
as cases V, VI, VII, and VIII. 


Case V is general and is presented in Fig. 5. For various 
positions of P, from the support to the built-in end, the ratio of 
the reaction F of the simple support to the load P is given for 
the are angle a from 0 to 360 deg, for each of the three cross 
sections. The equations for F, 8, and @ in this general case are 
again useful as they are the simple means to like values for any 
type of loading by merely integrating. The ratio of reaction F 
to load P is given for a uniformly increasing load in Fig. 6, a 
uniform load in Fig. 7 and a uniformly decreasing load in Fig. 8. 

The circular beam of arc 2a, built-in at both ends and loaded 
by the force P at the angle y from the axis of symmetry of the 
arc, is shown in Fig. 9. This is identified as case IX in Table 1 
and there are given the expressions for the reactions Mo, To, and 
Vo at the cross section of symmetry of the arc. These are, 
respectively, the bending moment, twisting moment, and shear. 
Their positive directions are shown in Fig. 9. With these known, 
the external reactions as well as the internal reactions at any 
cross section are readily evaluated. 

The variation in the bending moment as a function of the 
are angle a and various positions of the load is shown in Fig. 9. 
Like curves for the twisting moment and shear are pictured in 
Figs. 10 and 11, respectively. In Fig. 10a the curves for y/a = 

0.2 are indicated only in part as they fall 
directly over those for y/a = 0.4. The 
DS ms <9 reason for this is readily seen from an 
| inspection of the curves in Fig. 10b. As 


| 


~— | the twisting moment is zero for both y/a 


KK | 
| 


= 0 and y/a = 1.0, there is a series of 
Sct curves for ratios on either side of a 
\ \ maximum. In Fig. 10b only the curves 
aaa ta for the steel beam of circular cross sec- 

tion are shown and for the four indicated 
a values of a. 
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Fie. 6 Case VI—Ratio or Reaction F 
To Loap P ror A UNIFORMLY INCREASING 
LoapD 


Fic. 7 Case VII—Ratio or Reaction F 
Tro Loap P ror A Untrorm Loap 


Fig. 8 Case VIII—Rartio or REACTION 
F vo Loap P ror A UNIFORMLY DECREAS- 
LoaD 


In using the expressions for Mo, To, 
and Vo to integrate for other types of 
loading, one fact should be mentioned. 


‘In the derivation of these results the 


principle of superposition was used in 
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TABLE 1 EXPRESSIONS FOR THE VARIOUS BEAMS AND 
LOADINGS 
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Me ER som -2e{sme 


conjunction with the arc subject to symmetrical and antisym- 
metrical loading. In consequence, integrations of the expres- 
sions are restricted to the limits of zero and a. Further use of 
the principle of superposition can then be made to handle vari- 
ous types of distributed loading. 
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VALUES 


For the statically indeterminate cases, V, VI, VII, and VIII, 
the values of the reactions F approach those of the straight beam 
similarly loaded as a approaches zero. 

For cases I to IV, inclusive, there are two possibilities. The 
first is that the radius R remains constant as a approaches zero. 
The result is obviously the curved beam of zero length. On the 
other hand, as a approaches zero and the length of the beam 
remains finite, the radius R approaches infinity and the product 
aR approaches the length of a straight beam 1. With this con- 
sideration, the results for these cases degenerate into the well- 
known values for the straight beams with like loading. 

Like considerations apply to the circular beam built-in at 
both ends. 
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Fig. 11 Case In SHEAR IN A CIRCULAR BEAM OF 
ARC 2a@ 
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by K. Kannennberg, 


Errata 


On page A-12 of the March, 1938, issue of the JouRNAL OF 
APPLIED MECHANICS, in the second line below Fig. 4, the defini- 
tion of the strain-optical coefficient should read 


C=(i+u)et/R 


With reference to the Design Data pages in the December, 
1937, issue of the JourNaL, the authors have requested that we 


call attention to an error which they made in Table 3 on page 
A-186. In this table a denominator term of 64g is used in all 


expressions. This should read 4g in the denominator. In the 
last equation only of Table 3, FE has been omitted in the denomi- 
nator so that the fraction outside the brackets should be 

U% 

4gE 
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Discussion 


Flow Through Granular Media’ 


Loranus P. Hatcu.? The mechanics of flow through granular 
media is indeed complex. Evaluation of resistance in terms of 
fundamental factors is difficult owing to the nature of fluid 
flow and to the complicated geometric structure which defines 
the flow channels. 

The paper under discussion deals mainly with the type of flow 
pattern encountered and the theory that flow through granular 
media is analogous to flow through pipes is challenged. Consider- 
able discussion based upon fundamental reasoning follows 
in support of the authors’ contention, but unfortunately, no ex- 
perimental evidence is offered. A generalized equation limited 
to uniform spherical particles and containing a porosity factor is 
presented. Experimental results showing the effect of varying 
velocity, particle diameter, and porosity, are recorded in Fig. 9 
in terms of Reynolds’ number and resistance coefficient, a plotting 
commonly employed to represent pipe flow. In Fig. 11 showing 
resistance versus void velocity, the bulk velocities are reduced 
to a common porosity, but the influence of porosity upon diame- 
ter of flow channel is not recognized. 

In the following discussion reference is made to a study of flow 
through granular media carried on between 1930 and 1935 at 
Harvard University in the department of sanitary engineering, 
in which the writer was associated with Prof. Gordon M. Fair. 
A brief paper* on our work was published in 1933. The main 
paper containing a rather broad analysis of the problem and ex- 
tensive experimental data is completed, but certain checking 
has been necessary before publication. In this study analogy 
is made to pipe flow but the generalized equation is adhered to, 
as in the paper under discussion. Resistance is related to sur- 
face area of particles and thus tangential shearing stresses are 
emphasized. The Fair-Hatch equation for flow through uni- 
form material is as follows: 


where 
h = resistance head 
= length 
k = dimensionless coefficient 
g = acceleration due to gravity 
U, = approach or bulk velocity 
a = porosity 
V = volume of particle 
A = surface area of particle 
u = absolute viscosity 
¢ = density as mass per unit volume 
n = an exponent 


1 By Boris A. Bakhmeteff and N. V. Feodoroff. Published in the 
September, 1937, issue of the JouRNAL oF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 59, 1937, p. A-97. 

2 Associate sanitary engineer, Tennessee Valley Authority. 

?‘*Fundamental Factors Governing the Stream-Line Flow of 
Water Through Sand,” by Gordon M. Fair and Loranus P. Hatch, 
Journal American Water Works Association, November, 1933, p. 1551. 

The writer submits the following correction to the analyses of 
Fair and Hatch. On page 1553, the statement that ‘‘the product 
of lv is constant” applies only to the conditions set forth in Fig. 1, 
and is incorrect when applied to sand flow. 


For spherical particles of diameter d, V/A becomes d/6. 
Modifications of this equation to satisfy the conditions of non- 
uniform material are given later. 

low Pattern. The flow channels through granular media are, 
obviously, irregular. However, they are probably not as 
tortuous nor do they undergo such violent changes in cross 
section as is often pictured. As part of an extensive study of flow 
channels within an assemblage of uniform spheres, Slichter‘ 
has described the channels as somewhat triangular and following 
winding paths. The authors contend that the flow pattern in 
granular media bears no real similarity to that encountered in 
pipes. The writer offers no evidence to support or disprove 
this theory but wishes to point out that the equations which 
apparently cover each case are identical. 

This phase of the problem is almost hopelessly complicated 
because of the close proximity of particles and it appears that we 
must eventually resort to approximation and analogy. If such 
is the case, the equation for pipe flow affords a convenient 
approach. The basis of this statement lies not only in theo- 
retical considerations but also in the results of numerous tests, 
performed by the writer, covering a wide range of conditions of 
flow and particle assemblage. 

volume of voids 


Porosity. Porosity, or is dimensionless 


total packed volume 
and of itself, has no bearing on the problem of flow. It enters 
our analyses only as an integral part of other factors. Strictly, 
we do not correct for porosity but employ it merely to evaluate 
factors which we cannot measure directly, namely, void ve- 
locity and diameter of flow channel. From the definition of 
porosity we may write 


void volume __ length void area 
total volume length _ total area 


Porosity = 


Velocity. If we consider flow through an imaginary plane in 
granular media normal to the direction of generalized travel we 
may also write 


Void velocity, U, = U,/a 


The authors have introduced porosity in their Equation [4| 
as, U, = U,/a’*, which® is based on the preceding relation, 
A, = A,a’/*, The exponential form, a’/*, is said to satisfy 
dimensional considerations but, unless the writer’s. concept is 
incorrect, the reason for this important conclusion is unsound. 
Porosity is merely a proportionality factor, having no funda- 
mental meaning and no dimensions, and thus should not be 
considered a volumetric parameter. If we were able to make 
the necessary measurements within the voids of granular media 
during permeability tests, as is done in the case of pipes, we 
would be well rid of the porosity factor. Furthermore, when 
relating the average void area A, to the bulk or gross area A,, 
as well as the respective velocities, the conditions are fixed and 
the principles of hydraulic similarity should not influence the 
result. From Equation [4] deductions are made concerning the 
réle of porosity in determining the diameter of flow channels. 
Within a few short paragraphs the authors have confined their 


4“The Motions of Underground Water,’’ by Charles S. Slichter, 
U. 8. Geological Survey, Water Supply Papers No. 67. 

5 The presence of kinematic viscosity in this equation is not ex- 
plained. 
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DISCUSSION 


discussion of perhaps the most vital part of the whole problem 
of flow through granular media. 

Diameter of Flow Channels. The diameter of the particles in an 
assemblage does not determine the diameter of flow channels, 
but an approximate relationship between the two may be derived 
in terms of the porosity factor. For this purpose Fair and 
Hatch have made use of the hydraulic radius, a term commonly 
employed to define the diameter of irregular flow sections, thus 


area length 


length a 


hydraulic radius = 
wetted perimeter 


void volume volume of solids a 


surface area of solids 


surface area of solids l—aea 


No great claim can be made for the soundness of this approach 
other than its consistent justification in numerous permeability 
tests covering a wide range of particle size, shape, porosity, and 
size distribution of material both stratified and nonstratified. 

Particle Shape. For spheres, V/A = d/6, where the figure 6 
may be said to represent the shape of the particle and is known 
as the shape factor. Shape factors for irregular particles may be 
approximated by measuring their terminal settling velocity in 
suitable fluids, and thus can be introduced into a general classi- 
fication of particle shape. 

Particle Size. The size of irregular particles may be defined 
in a number of ways, among which are the following: (a) Meas- 
ured distance bétween extreme edges of particles in one con- 
sistent direction; (b) diameter of sphere of equal volume; (c) size 
of opening of separating sieves (manufacturer’s rating). The 
manufacturer’s rating is recommended as a convenient measure 
of size but, it should be remembered that the shape factor corre- 
sponds to a given diameter. 

Equation [5] of the authors’ paper, 5, = 5a’ ', implies that 
the diameter of flow channels cannot exceed the diameter of 
particles. Materials suspended in upward-flowing fluid (quick- 
sand), with high porosity, constitute no exception to the general 
problem of flow through granular media, but here 5, may be 
considerably greater than 6. For example, consider a vertical 
tube 10 sq cm in area containing 260 g of uniform sand with a 
specific gravity of 2.60 and an a@ of 0.40. The height of this 
column would be 16.7 cm. Now if the sand is expanded by 
introducing an upward-flowing stream of water of such velocity 
that a = 0.90, the height of column would be 100 cm, an increase 
of six times, while 5, would have increased only 0.965/0.74 or 
1.3 times. 

Nonuniform Material. Throughout the Harvard study the 
experiments were confined chiefly to viscous flow. For n = 1, 
the Fair-Hatch equation becomes 


For nonuniform sizes, A/V must be regarded as a weighted 
average and determined from a consideration of the hydraulic 
characteristics together with size-weight distribution. If the 
assemblage of particles is unstratified, i.e., purely random- 
packed, all portions are similar and reflect the same resistance 
gradient h/l. For this case, Fair and Hatch have shown that 
A/V in this equation has the value 


A S 


S = shape factor 
P = weight percentage of material of size d. 


With vertical stratification, on the other hand, particle size 
varies with depth from coarsest at the bottom to finest at the 
top, but the same porosity obtains throughout the entire depth. 
Since the resistance per unit of depth varies with particle size 
and with depth, the gradient, h/l, becomes meaningless as a gen- 
eral term. Considering the entire depth, L, of the assemblage, 
and realizing that percentage of total weight is also percentage 
of total depth, 1/L X 100, Fair and Hatch obtain the equation 


P 
h= U, [sum of 


The size-weight distribution of random material, such as filter 
sand, usually approximates a geometrically normal series. In this 
case it is possible to replace the summation term in the above 
equations with an integral expression containing the geometric 
mean and standard geometric deviation. This substitution is 
based on the equations developed by Hatch® establishing a very 
useful relationship between size distribution by weight and by 
number of particulate materials. 
Experimental Results. A series of tests was run to reveal the 
relationship between resistance, h, and other factors in the above 
A\? (1— a)? 
case theory and experimental results were found to be in agree- 
ment. 


. and J, and in each 


* ‘Determination of Average Particle Size From the Screen 
Analysis of Non-Uniform Particulate Substances,” by T. Hatch, 
Journal of The Franklin Institute, vol. 215, January, 1933, pp. 27-37. 
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Experimental Procedure. 


through granular media may be considerably in error because 
of air trapped in the voids when the fluid is first admitted, as G 
well as that liberated from solution. 
ing simple technique which apparently eliminated air bubbles 
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and allowed results to be duplicated readily. 


The fluid, water, to be used in the test was subjected to a 
vacuum for several hours in order to release dissolved air from 


solution. 


a vertical glass tube, which was then evacuated. Water was ad- 
mitted slowly from the bottom, the rate of flow in the entrance 
tube being so adjusted that no further air was liberated. After 
the water had risen a few inches above the sand the vacuum was 


released. 
filling by means of a perforated 
plunger. After filling the tube 
the direction of flow was reversed 
and resistance measured in the 
usual manner. 


AvutHors’ CLOSURE 


Mr. Hatch’s most valuable dis- 
cussion has shown the authors, 
that they have not made some of 
their fundamental points suffi- 
ciently clear. 

Mr. Hatch regrets that “no 
experimental evidence is offered” 
to sustain the authors’ point that 
motion through porous media is 
not analogous to pipe flow. 
What specific kind of experi- 
ments could be made? As Mr. 
Hatch subsequently states, “this 
phase of the problem is almost 
hopelessly complicated.....and it 
appears that we must eventually 
resort to approximation and 
analogy.” That is exactly the 
reason, why the authors’ argu- 
ment was necessarily limited to 
analogy. 

The simplest way to elucidate 
things is to refer to Fig. 1 on page 
A-87 of this closure. Does the 
flow pattern in a schematic con- 
duit of the type shown, resemble 
in any way uniform motion ina 
straight pipe? Should 
characterize the inherent losses 
by invoking similarity to pipe 
friction, and is it not more natu- 
ral to stress comparison with 
resistances of thetype engendered 
by brusque variations of form? 
As made clear in the paper, due 
to dimensional reasons, the struc- 
ture of the resistance formulas 
remains the same in both cases. 

The other important question 
is with regard to porosity. 
Hatch believes, that “porosity is 
merely a proportionality factor, 
having no fundamental meaning 
and no dimensions, and thus 
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Measurements of resistance to flow TABLE 1 DATA SUPPLEMENTING FIGS. 3 AND 4 
Porosity, 
Series Material Diameter per cent Liquid Source 
Ottawa sand 0.028 in. 39.0 Oil W. G. Meyer and 
The writer used the follow-  Leadshot 0.058 in. 38.7 Oil L. T. Work, Trans. 
American Inst. 
Chem. Engrs., vol. 
33, 1937 
I Glass balls 0.625 in. 45.1 Oil Students’ Report, 
Chem. Eng. Dept., 
Columbia Univer- 
sity, 1937 
The granular material, sand, was carefully packed in J Lead shot ARI 37.2 Water C. V. Givan, Trans, 
K Lead shot OOB I 37.3 Water American Geophysi- 
L Lead shot OOB II 36.3 Water eal Union, vol. 15, 
M Lead shot OOB III 35.7 Water 1934 
N Lead shot 0.0414 in, 37.1 Water E. G. Lindquist, 
0 Lead shot 0.0804 in. 39.1 Water Royal Institute ot! 
t 1585 i 39. , Stoc 
It was necessary to hold the sand in place during the  [eadshot 
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should not be considered a volumetric parameter.’’ In particu- 
lar, with regard to velocity, Mr. Hatch feels that the method 
of using U,/a’* and not U,/a, when correcting for porosity, is 
“unsound.,””? 

To explain, the writers refer to Fig. 20n page A-87 of this closure, 
the two cubes® in which have a volumetric ratio V2/V; = @ = 1:8. 
Obviously, the ratio of the lateral surfaces of the cubes is S./S; = 
a’ * = 1:4, while the ratio of the edge lengths is l,/l, = a ' = 
1:2. In porous media, the exact shape of the voids is unknown. 
Moreover the sizes of the individual voids differ somewhat. For 
lack of other measurable factors, we are bound nevertheless to 
appraise the average relative volume of the voids by the value of 
the volumetric porosity factor a. In two assemblages having 
the same porosity and composed of uniform particles of diameter 
5, and 62, the ratio of the volumes of the individual voids on the 
average would be as 6,3:6;5._ In case the porosities were different, 
the ratio of the individual voids volumes? can be taken as a6,3: 
«5,3. By the same token the respective cross sections of the 
individual voids will stand in the ratio of while 
the corresponding linear dimensions of the voids will be in the 
ratio of ay 

As to the void velocities, the latter will change in inverse ratio 
to the void cross sections, so that for differing porosities the ratio 
would be u2/u; = 

When using 5, = a'/*5 in the Reynolds number and in the 
generalized resistance formulas, the authors do not imply, as Mr. 
Hatch may have gained the impression, that 6, is the actual 
“diameter’’ of the flow channel. In fact, in all instances, whether 
the bulk or the reduced formulas are used, as well as in the Fair- 
Hatch Equation [1], u and 6 represent a conveniently measurable 
characteristic velocity and a longitudinal parameter, respectively, 
which stand only in certain relation to the actual size of the voids 
and the actual velocities of flow. In order to obtain unified 
coefficient curves of the type shown in Figs. 9 and 10 of the paper 
when the porosities change, the relation of u and 6 to the actual 
size of the voids and the actual velocities, must remain the same. 
This purpose is achieved, as the authors view it, by using in the 
generalized formulas of Equations [18] to [20], “reduced” charac- 
teristic parameters U,, = 5, = a’ *3, and so on. If 
the porosity is accounted for properly, the value of the empirical 
constant in Equation [20], or in a “reduced” equation of the type 
of Equation [16], should not change. Such is also the intent of 
the Fair-Hatch Equation [1], if, as the authors understand, it 
means that, for a zone where n is a constant, the empirical co- 
efficient k is meant to keep its value. 

The authors’ expression equivalent to the Fair-Hatch Equation 
[1] would be 


h U" l 


— = const 


The ultimate test of a theory is its accord with observations. 
In this respect Figs. 9 and 10 seemed to justify the methods sug- 
gested. In fact, after the paper was published, additional data 
became available, further confirming the original deductions. 
These data are presented herewith in Figs. 3and 4. The heavily 
drawn lines are the mean curves taken from Figs. 9 and 10 of the 
original paper. Among the new material, first come the Stock- 
holm tests, performed in 1928 under the direction of E. G. W. 


? There is an unfortunate typographical error in Equation 4 as 
printed. The sign v should be eliminated. 

* In case of isotropic assemblage, the inner cube may express the 
compacted aggregate of the voids in the total packed space. 

* By necessity this approximation disregards the effect of varying 
porosity on the assemblage. Happily in practice the porosities vary 
within rather narrow limits, which makes these simplifying assump- 
tions permissible. 
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Lindquist.!° The authors wish to express their deep gratitude to 
Captain Lindquist for placing the detailed data of these most 
valuable experiments at their disposal. Next are tests carried 
out by C. V. Givan at Leland Stanford University."! Finally 
there are the two series of tests carried out in the department of 
chemical engineering of Columbia University. The writers are 
deeply indebted for the data to the kindness and courtesy of 
Professor Work. The solid framework in one case was composed 
of shot and sand of minute dimensions; in the other glass balls of 
0.625-in. diameter were used. The fluid was oil, with a kine- 
matic viscosity of 137 and 180 relative to water. The resistance 
coefficients y, in all cases comply most satisfactorily with the 
authors’ curves. It was particularly satisfying to note the 
excellent accordance, shown by the Lindquist tests, there being 
some slight deviations only in the “transition zone” in the range 
of the higher Reynolds numbers. 

No attempt will be made here to discuss the structure of the 
Fair-Hatch Equation [1]. It is interesting, however, to compare 
the supposed effect of varying porosity on the resistance slope. 
For the Darcy zone with n = 1, and for spherical particles with 
V/A = 6/6, the Fair-Hatch Equation [1] becomes 

h (1 — a)? 


= — 
l gs? 


while the authors’ Equation [4] is reduced to 


For a range of porosities from 0.35 to 0.45, the numerical value of 
(1 — a)?/a* in Equation [5], changes between 9.8 and 3.3, or in 
the ratio® of approximately 3:1. The authors’ factor 1/a‘/* in 
Equation [6] changes only from 34.4 to 24.7, or in the ratio of 
1.4:1. The contrast of 40 per cent against the Fair-Hatch value 
of 300 per cent is striking. No such effect was observed in the 
authors’ experiments. 

By equating Equations [5] and [6], one obtains the relation 
between the Fair-Hatch coefficients k and the authors’ C, as 


C, a’ 
72 (1— a)? 

10 “On the Flow of Water Through Porous Soil,’”’ by E. G. W. Lind- 
quist, Reports of the First Congress of Large Dams, Stockholm, 
Sweden, 1933, pp. 81-102. 

“Flow of Water Through Granular Materials—Initial Experi- 


ment With Lead Shot,’”’ by C. V. Givan, Trans., American Geo- 
physical Union, vol. 15, 1934, pp. 572-579. 
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For the range of porosities between 0.37 and 0.42, corresponding 
to the available data in the Darcy zone, the numerical value of 
a’/*/(1 — a)? changes from 0.48 to 0.70. That means, that if 
the coefficient k were really constant, C, would have to change 
within limits of 46 per cent. The experimental points, however, 
range pretty close to a constant average value, assumed in Fig. 4 
as C, = 710. To carry the comparison a step further, the 
principal data, available for the Darcy region, were rechecked in 
terms of the Fair-Hatch Equation [1]. The computed values 
of the coefficient k are plotted together with the corresponding 
values of C, = ¥,R, in Fig. 5. The vertical scales are relatively 
identical. The & values do not seem to unite into a common 
group, each individual test series ranging itself as a separate line. 


Fatigue Life of Tapered Roller 
Bearings’ 


E. T. Coss.? With reference to combined radial and thrust 
loads, Equation [10] of the paper shows the ratio of radial-load 
capacity to thrust-load capacity. This ratio is used to solve 
for radial capacity in terms of thrust capacity. In considering a 
combination of radial and thrust loads, the radial equivalent of 
the thrust load is added arithmetically to the radial load and the 
sum thus obtained is taken as the radial equivalent of the com- 
bined radial and thrust loads. 

This procedure fails to take into account the fact that bearing 
loads are forces, and that as such they have direction as well as 
magnitude, which must be considered when making such addi- 
tions. Since the radial load is perpendicular to the shaft and 
the thrust load is parallel to the shaft, the magnitude of the re- 
sultant is the square root of the sums of the squares of the radial 
and thrust components, and the direction of the resultant is 
oblique to the shaft; thus, it does not have the same effect on 
the bearing as any amount of radial load which may be assigned 
as “radial equivalent.” 

The unit pressure in the contact area between the roller and 
the race is a function of (1) the amount of area in contact, which, 
of course, depends upon roller length and diameter and race 
diameter, (2) the amount of force transmitted to the roller in 
question, and (3) the angle between the direction of the force 
and the normal to the contact surface. 

Several years ago, the New Departure Manufacturing Com- 
pany developed a mathematical method for determining the 
ratio of bearing load to the load taken by the most heavily 
loaded ball where an oblique load (resultant of radial and thrust) 
is applied to an angular type of bearing (angular contact ball 
bearing or tapered roller bearing). This formula sums up the 
increments of load which are transmitted to each ball (or roller) 
beginning with the most heavily loaded and progressing by pairs 
throughout the entire load zone of the bearing. This formula is 


= cos(@ — B) + sin B + cosé@ cos B 
cos L)‘/? + (sin @ sin B + cos@ cos B cos 2L) "+ 
+ cosé cos B cos{n/2}L)*/*} 

where P = load on the bearing, P, = load on the most heavily 
loaded ball (or roller), n = number of balls (or rollers), @ = angle 
of load application, B = angle of ball (or roller) contact, L = 
360 deg/n. 

In the analysis it is shown that the angle between the normal 
to the surface of contact between the ball and the race, and the 


1 By W. O. Clinedinst. Published in the December, 1937, issue 
of the JourRNAL oF APPLIED Mecuanics, Trans. A.S.M.E., vol. 59, 
1937, p. A-143. 

2Sales Engineer, Bantam Bearings Corporation, South Bend, 
Ind. Mem. A.S.M.E. 
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direction of load application is cos~(sin @ sin B — cos @ cos B cos 
xL), where x is the number of the position of the ball in question 
away from the most heavily loaded ball. 


S. Way.* This paper is of considerable interest to everyone 
who faces problems having to do with the resistance of metal 
surfaces to repeated contact stresses, as in gears and railway-car 
wheels as well as antifriction bearings. For bearings, many 
life tests can be and have been made which can be used to check 
the accuracy of the author’s predictions of the relative capacity 
of the bearing parts. In other cases though, life tests of finished 
parts are often out of the question; what is needed is fundamental 
information concerning the fatigue strength of materials subjected 
to stress cycles of periodically varying amplitude. Equation 
[3] of the paper is an attempt to supply this need. It would be 
interesting to try to check Equation [3] by experiments on rotat- 
ing-beam specimens. Experiments of this type are now being 
conducted by B. F. Langer and R. E. Peterson at the research 
laboratories of the Westinghouse Electric & Manufacturing Com- 
pany, East Pittsburgh, Pa. 

The outward appearance of the pitting on a roller-bearing cone 
or cup is.distinetly different from that of the pitting on gear teeth. 
It appears that in the former case the formation of a pit leads to 
the continuous caving in or breaking off of the surrounding cliff 
of metal, while in the latter case, where materials are much more 
ductile, such chipping does not take place. In the very earliest 
stage of pitting, a few limited observations of the writer have 
indicated that the pitting of bearing raceways is of the same 
nature as the pitting of gear teeth. Pitting cracks sloping 
obliquely to the surface have been observed similar to those ob- 
served on gear teeth or test rollers. 


S. Einstein.‘ It may at the first glance seem doubtful whether 
it is advisable to try to investigate the complex relationships 
in roller bearings by mathematical derivation. But similar to 
other fields in engineering the method using mathematical equa- 
tions proves to be very useful in the case of bearings. Some years 
ago it seemed that laboratory and practical tests would be the 
only means for investigating fatigue life. However, due to the 
fact that such tests take an extremely long time to carry out, 
the paper presented by the author is a valuable contribution to 
the progress in this line. 

As far as the equation is concerned, which is of an exponential! 
form, it may be mentioned that exponential equations of this 
kind are also to be found in metal cutting; for example, the 
relation between the cutting force and the chip cross section 
in turning is an exponential equation. Due to the fact that 
fatigue may be due to destruction of the molecular and atomic 
structure of the material, as is the case in metal cutting, such a 
similarity reminds us, the engineers, how useful it is to always 
keep in contact with other fields of investigation. 

It is very interesting to learn that laboratory tests indicated 
that the roll deformation varies as the two-thirds power of the 
load, as this proves the correctness of the mathematical deriva- 
tions by Heinrich Hertz, who, as far back as 1881 and 1895, de- 
rived formulas for the deformation occurring in elastic bodies 
contacting one another under load. He found that the def- 
ormation varies as the two-thirds power of the load. 

A great deal of the scientific relations for ball bearings depends 
still on the formulas derived by Hertz; later investigations in- 
dicated the correctness within certain limits, but showed de- 
viations as far as the modulus of elasticity is concerned which 


3 Research Laboratories, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. 

‘ Vice-President, Cincinnati Milling Machine Corapany, Cincin- 
nati, Ohio. Mem. A.S.M.E. 
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can be calculated from the size of the area under pressure. 
Therefore, if tests with rolls indicated again that the compression 
is a function of the two-thirds power of the load, it is a new proof 
of the usefulness of Hertz’s mathematical analysis although his 
theory may perhaps not be used to calculate stresses. 

From the standpoint of the consumer of roller bearings, the 
most interesting parts of the investigation are the formulas for 
the capacity, the speed,-and life factors. However, the practical 
application of the author’s thorough study depends considerably 
upon the manner in which the results of the paper are made 
available to the consumer. It seems to be insufficient to give 
only diagrams such as Figs. 9, 10, 11, and 12 as they still call for 
calculations too complicated for the practical selection of roller 
bearings. Therefore, it may be suggested that the author pro- 
vide alignment charts by means of which the capacity, speed, 
and life corrections can be solved. 

It is obvious that Figs. 11 and 12 can be combined and, by 
further combinations, a diagram could be obtained which easily 
can be used in practice, after the factors K and X are practically 
determined. These factors are naturally of considerable im- 
portance, as they include all that we, so far, cannot determine 
by other means. They indicate the finish of the surface of the 
component parts as well as the material used. 

When rapidly alternating stresses are applied, failure by 
fatigue occurs after a sufficient number of repetitions. How- 
ever, the fatigue limit may be lowered by the presence of lubri- 
cant. 


AvuTHOR’s CLOSURE 


Mr. Cobb pointed out that the resultant of the applied radial 
and thrust loads on a bearing acts obliquely to the shaft and is 
equal to the square root of the sum of the squares of the radial 
and thrust components. As it is more convenient to work with 
components than their resultant, Equation [10] was developed. 
In deriving this equation the author has, of course, given due 
consideration to the directions as well as the magnitudes of both 
the radial and thrust loads transforming applied effective thrust 
load into an equivalent radial load. Obviously the vector addi- 
tion of the equivalent radial load and the applied radial load re- 
duces to an arithmetical addition since both are vectors in the 
same direction. 

As pointed out by Mr. Way it seems quite reasonable to the 
author that a similar analysis could be used for the surfaces of 
gears and railway-car wheels. 

Charts as suggested by Mr. Einstein for use in bearing caleu- 
lations have been made and are used by The Timken Roller 
Bearing Company. 


Vibration Stress Measurements in 
Strong Centrifugal Fields' 


E. L. Tuearue.? The authors have presented an excellent 
description of a useful method of studying vibratory strains and 
stresses and its application to a difficult and practical problem. 

It seems that a brief outline of the writer’s knowledge of the 
history of this resistance-strip method might be of interest. The 
general method first came to the attention of the writer’s com- 
pany by way of a short letter written by A. Bloch from Trinity 
College, Dublin, and appearing in the Aug. 10, 1935, issue of 
Nature, a British publication. In this letter, entitled “New 
Methods for Measuring Mechanical Stresses at Higher Fre- 


1 By Charles M. Kearns and Ralph M. Guerke. Published in 
the December, 1937, issue of the JouRNAL oF APPLIED MECHANICS, 
Trans. A.S.M.E., vol. 59, 1937, p. A-156. 

2 Research Engineer, General Electric Company, Schenectady, 
N. 
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quencies,”’ Bloch points out the faults he observed in the methods 
of vibratory-stress measurement available at that time. He 
then goes on to say: 

“During my stay at Trinity College, Dublin, I developed two 
new electrical methods free from these faults. 

“The first is based on the change in electrical resistance of a 
specially prepared carbon coating which is directly applied to 
the surface of the structure to be tested (in the case of a metallic 
structure, after covering the surface first with a thin insulating 
layer). If the underlying surface of such a coating is stretched, 
the carbon particles move apart (and vice versa, if the structure 
is compressed) and so the resistance of the coating changes in 
the same way as the resistance of a microphone. If the coatings 
are properly prepared they behave in a sufficiently stable manner 
and also give a linear response without hysteresis. An ordinary 
two-stage amplifier is required to operate a cathode-ray oscillo- 
graph.” 

As a result of this article E. H. Hull devised a suitable circuit 
and carried on a study of the properties of these resistance films. 
In December, 1935, a successful practical application of the 
method was made to the study of stress in the rotor of a large 
electrical machine. A brief description of Mr. Hull’s work 
appeared in the August, 1937, issue of the General Electric Re- 
view under the title “Alternating Stress Measurement by the 
Resistance Strip Method.” 

It is interesting to note that others have found the method 
useful. Prof. A. V. de Forest describes its application to the 
measurement of stresses in aircraft propellers in the April, 1937, 
issue of the Journal of Aeronautical Sciences under the title 
“‘Measurement of Propeller Stresses in Flight.” It is gratifying 
to see the method being so successfully applied and perfected. 

The authors point out the difficulty due to variable contact 
resistance when using carbon brushes in the low-impedance part 
of the circuit. Mr. Hull found the same difficulty which was 
eliminated by the use of laminated brushes made of many leaves 
of copper, on brass collector rings. 

The use of commercially molded resistance material for the 
resistance strips, so that they can be calibrated and then moved 
to the structure to be tested, is a distinct step forward. Have 
tests been made to demonstrate that these resistance strips can 
be repeatedly moved from one structure to another and still 
maintain their calibration? More information on the technique 
of moving these strips, the means of attaching the lead wires, 
as well as the source of the resistance material would be of in- 
terest. 

The method which the authors have described of measuring 
vibratory strains promises to be a useful tool with a wide field of 
application. 


L. B. TuckerMAN.’ In connection with the paper by Messrs. 
Kearns and Guerke the writer would like to inquire from the 
authors if they have been able to measure the stress distribution 
and the frequency of vibration in a rotating blade while it was 
vibrating in resonance with one of its flexural modes. In the 
writer’s work a number of calculations for both the stress dis- 
tribution and the natural frequencies of such blades have been 
made and he would be interested in obtaining a comparison of 
the experimental values with the theoretical curves which are 
necessarily calculated upon certain simplifying assumptions. 


AvutHors’ CLOSURE 


In reply to Mr. Thearle, the authors wish to acknowledge their 
indebtedness to the General Electric Company for giving them 


3 Assistant Chief, Mechanics and Sound Division, U. S. Depart- 
ment of Commerce, National Bureau of Standards, Washington, 
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the germ of the idea which has resulted in the present form of 
gage. The adaptation of the strain-sensitive strip to precalibra- 
tion and the provision for its removal to the structure to be 
tested are the particular contributions of this paper. 

Professor de Forest’s paper ‘“‘Measurement of Propeller Stresses 
in Flight’”’ presents some practical applications of these strain 
gages in the aeronautical industry. 

Because of the relatively low cost, it has been the custom to 
use these gages only once after the original calibration, and to 
verify the calibration after removal from the machine under 
test rather than to attempt to use one gage a large number of 
times. Tests have demonstrated, however, that with proper care 
in handling they may be used as often as five or six times with 
occasional checks of calibration. As to the technique of re- 
moving these strips, it is merely necessary to heat the body to 
which they are attached, to the melting point of the shellac or 
deKhotinsky cement (which is in many respects superior to shel- 
lac although considerably more expensive); the strips can then be 
removed with ease. The commercial resistors come supplied 
with copper-sprayed ends to which lead wires can be soldered 
easily. 

In answer to Mr. Tuckerman, it is readily possible to measure 
the stress distribution and natural frequencies in a rotating blade 
vibrating in resonance with one of its flexural, modes. The 
natural frequencies of many blades have been obtained and the 
stress distribution on several have been checked roughly. 


Distortion of the Photoelastic Fringe 
Pattern in an Optically Unbalanced 
Polariscope' 


Evmer K. Trusy.? The laboratory investigator has his ex- 
perimental errors, and the theoretical analyst his assumptions. 
Frequently apparent is the tendency to ignore or forget these 
errors and assumptions in the application of the methods depend- 
ent thereon. To have this one common error called to mind is 
of definite value, and simultaneously to have it treated in such a 
thorough and authoritative manner is gratifying. 

However, the use of the quarter-wave retardation plates con- 
stitutes a convenience rather than a necessity. As stated by Dr. 
Mindlin, the purpose of these quarter-wave retardation plates is 
to remove isoclinics. The presence of isoclinics in the image 
furnished by a plane polariscope obscures the fringes in those 
portions of the model wherein the orthogonal axes of principal 
stress coincide in direction with the crossed axes of the polarizer 
and analyzer. As may be seen by comparison of Figs. 3 and 4, 
and a comparison of Equations [1], [2], and [3] in the paper under 
discussion, the fringes remain unchanged in other portions of the 
model. Therefore, it is possible to obtain, from a plane polari- 
scope, the complete fringe pattern for the entire area of the model 
by simply superposing patterns obtained by using various 
orientations of the crossed polarizer and analyzer with respect to 
the model. Two or three different positions are sufficient in the 
usual case. 

The accompanying Fig. 1 presents two fringe patterns for the 
same structure, a beam loaded at the center of the span. The 
upper fringe pattern shows in full lines the fringes obtained from 
a polariscope provided with retardation plates 1 and 3 as in- 
dicated in Fig. 1 of the paper, having values of 6; = 2/2.16 and 
5; = 2/2.18 respectively, and for which p,; = 45 deg and p; = 
135 deg. These retardation plates are a commercial product, 


1 By Raymond D. Mindlin. Published in the December, 1937, 
issue of the JounNaL or AppLiep MeEcuanics, Trans. A.S.M.E., 
vol. 59, 1937, p. A-170. 

? Princeton University, Princeton, N. J. 


JOURNAL OF APPLIED MECHANICS 


JUNE, 1938 


LOAD 


WITH RETARDATION 


| PLATES 
¢ t 
LOAD L ] REACTION 


WITHOUT RETARDATION 


PLATES 

£ REACTION 
Fig. 1 


purchased at nominal cost from a retailer of optical equipment. 
5, and 6; were determined by the use of a Babinet compensator 
and the identical monochromatic-light source used in making the 
photograph from which the previously mentioned fringe pattern 
was drawn. op; and p; were set by trial and are believed to be cor- 
rect within 2 deg. The lower fringe pattern in the accompany- 
ing Fig. 1 was obtained by use of a plane polariscope. This 
fringe pattern is a mosaic composed of portions of three fringe 
photographs, each photograph being taken with the polarizer and 
analyzer crossed, but differently oriented with respect to the 
model. It can be seen that the two patterns are practically 
identical and that they, therefore, furnish experimental veri- 
fication of the conclusion of Dr. Mindlin that a balanced polari- 
scope (retardation plates equal to each other but different from 
7/2) yields an undistorted fringe pattern. 

However, there are other inaccuracies with which the user of 
photoelasticity must contend and in connection with which he is 
less fortunate in his attempts to eliminate errors. The fact that 
the usual monochromatic-light source is not truly monochro- 
matic, the imperfect polarization and analysis of this light; 
materials which are not truly isotropic, poor elastic properties; the 
divergence of strain and stress from a plane state; difficulties in- 
volved in precisely locating isoclinics; and assumptions and analo- 
gies necessary to evaluate the sum of the principal stresses as a 
step in determining them individually, represent some of the 
difficulties confronting the user’ of photoelasticity. A practical 
discussion of these and other ever-present limitations would 
serve the purpose of separating the practical from the academic, 
would clarify the field suitable for photoelastic research, and 
would render the photoelastic method more useful. It is to be 
hoped that Dr. Mindlin, or other able men in the field of elas- 
ticity, will find it possible to consider and publish, in the prac- 
tical manner in which the paper under discussion has been pre- 
sented, studies of these other errors. 

The designer is very correctly not interested in modifications of 
technique which affect critical stresses by but afew percent. He 
is, however, frequently called upon to design structures for which 
his best available solution is an empirically guided guess. The 
most useful and effective solutions for such problems are forth- 
coming when the work of the theoretical analyst and that of the 
experimental investigator supplement each other, resulting in a 
design both adequate and economicat. 
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and the Machine 


ART AND THE MACHINE. By Sheldon and Martha Candler Cheney. 
Whittlesey House, New York, 1936. Cloth, 7 & 9'/2in., xvii and 
307 pp., illustrated, $3.75. 


Reviewep By A. M. Wricur! 


Tas book is an account of industrial design in twenteith- 

century America, written for the general reader. Intimacy 
between machinery and human living has introduced the aes- 
thetic problem of conforming the appearance of mechanized de- 
vices to standards of good taste, which used to be solved by deco- 
rating cash registers and kitchen stoves with bunches of cast- 
iron grapes. The rebellion against the sentimentality of Vic- 
torian art, typified by the “abstract’’ painting of the cubists, is, 
the Cheneys tell us, one influence responsible for modern indus- 
trial design. The other is engineering. 

The modern concept is that right appearance comes from design 
built into the structure, not from decoration plastered on; there 
is a relation between appearance and utility. But the engineer 
may doubt, from the examples given in this book, whether the 
relation is always obtained. In the modern airplane it beyond 
question exists—without benefit of art. And so influenced are 
industrial artists by streamlining that the Cheneys devote a 
chapter to “The Streamline as a Symbol.’’ We are now accus- 
tomed to streamlined locomotives—even to having stream- 
lines painted on with yellow paint—to streamlined ferryboats 
and refrigerators. But for the engineer the relation between 
design and utility is usually more fundamental than that be- 
tween appearance and utility, and much industrial design still 
seems devoted to decoration, albeit this consists of strips of stain- 
less steel instead of bunches of flowers. 

The engineer, if he thinks of the matter at all, knows that his 
work has generally failed to satisfy the aesthetic sense, except in a 
few cases where the synthesis of a design has been so inexorably 
logical as to leave nothing for the artist to add. The vaulted 
stone roof of Notre Dame, the dome of St. Peter’s, are rigidly 
logical applications of the laws of mechanics to reach desired re- 
sults with the materials at hand. The modern engineer, with 
his materials, gets the desired results, but usually in a way which 
leaves doubt in the beholder’s mind that the job has been done 
for all time. The industrial designer takes the engineer’s prod- 
uct and modifies it in an attempt to make it at least appear that 
the problem has at last been solved. And he is often successful. 
But were engineering less deficient, the need for such dodges as 
artistic streamlining would disappear. “Art and the Ma- 
chine” implicitly emphasizes the fact that the engineer’s contribu- 
tions are not yet all that are necessary, even materialistically, to 
make this the best of all possible worlds. 

The book deals with architecture, where modernism has most 
signally failed (though not in the authors’ opinion), marine and 
land transport, interior design, and with the pedagogy of indus- 
trial art. The authors rather exaggerate the importance of in- 
dustrial design in modern life, but if a few bursts of enthusiasm 
can be overlooked, the book is an excellent account of the growth 
of modernism in the appearance design of industrial products, 
and more critical readers will at any rate deduce that a twentieth- 
century Michelangelo or da Vinci has not yet appeared. 


1 Electrical Department, Reading Company, Philadelphia. 


A-93 


Physics 


\ COMMENTARY ON THE SCIENTIFIC WRITINGS OF J. WILLARD GIBBs, 
Ph.D., LL.D. Formerly Professor of Mathematical Physics at 
Yale University. Yale University Press, 1936. Two volumes. 
Cloth, 6 * 9in., Vol. 1, Thermodynamics, dealing with the con- 
tents of Volume 1 of the collected works. Edited by F. G. 
Donnan, Professor of Chemistry in University College, University 
of London, and Prof. Arthur Haas, University of Notre Dame. xxiii 
and 742 pp., figs., $10. 


REVIEWED BY JOSEPH H. KEENAN? 


Vo.LuME 1, THERMODYNAMICS 


HIS is the first volume of a two-volume work which is “the 

direct and, thus far, the principal result of the movement for 
a memorial to Willard Gibbs.” It is “designed to aid and supple- 
ment a careful study of the original text of Gibbs’ writings.” 
The editors are F. G. Donnan of the University of London and 
Arthur Haas of the University of Notre Dame. Four of the con- 
tributors are from Great Britain, one is from the Netherlands, and 
the remaining five are from the United States. 

Professor Wilson of Harvard discusses Gibbs’ first and second 
papers on graphical methods and thermodynamic surfaces, which 
he says are ‘‘of importance not so much for any place they made 
for themselves in the literature as for the preparation and view- 
point they afforded the author as groundwork for his great memoir 
on the Equilibrium of Heterogeneous Substances.” Perhaps 
these papers have made no place for themselves because they are 
of more interest to engineers than to chemists, and engineers have 
chosen to ignore Gibbs. Of late the usefulness in engineering of 
an “availability” function is becoming evident. It stems di- 
rectly from Gibbs’ second paper. 

Gibbs’ first paper has engineering significance in that it dis- 
cusses the evaluation of work from areas on diagrams of proper- 
ties and includes a comparison of the temperature-entropy dia- 
gram “‘with that in ordinary use” (the pressure-volume diagram). 
In a footnote of the Commentary, Wilson says, “It is far from 
clear that the use of the temperature-entropy diagram in such 
(engineering) works derives directly from the presentation in 
Gibbs.” Since Gibbs’ exposition was usually geometrical rather 
than analytical, it should appeal to the engineer. The thermo- 
dynamic surface for water which Gibbs’ second paper inspired 
J. C. Maxwell to prepare, is shown in photographs reproduced in 
the Commentary. 

Teachers of thermodynamics will be interested in lecture notes 
taken by L. I. Hewes from Gibbs’ course on thermodynamics as 
given in the year 1899-1900. Here is the only published ac- 
count, as far as I know, of Gibbs’ presentation of the groundwork 
of the subject. Among many interesting details of technique one 
might point out that internal energy is not mentioned until after 
both laws of thermodynamics are stated and that the laws them- 
selves are presented in reverse order. 

The wide range of subject matter covered by the Commentary, 
which sticks closely to the material commented on, emphasizes 
the truth of the statement in the preface that “Gibbs. . . .brought 
the science of generalised thermodynamics to the same degree of 
perfect and comprehensive generality that Lagrange and Hamil- 
ton had. . .brought the science of generalised dynamics.” Pro- 
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fessor Milne of Oxford University provides the proofs of equilib- 
rium criteria that Gibbs left to the reader, and then gives a 
straightforward discussion of applications of the x, ¥, and ¢ func- 
tions. Professor Andrews of Johns Hopkins University discusses 
the thermodynamics of gravitational phenomena and of the 
ultracentrifuge. Professor Keyes of Massachusetts Institute of 
Technology comments on the thermodynamic functions for ideal 
gases and mixtures of ideal gases and on the significance of Dal- 
ton’s law. Professor Harned of Yale University expands Gibbs’ 
treatment of electrolytic cells and other electrochemical phe- 
nomena. Professor Rice of the University of Liverpool discusses 
surface tension and the surface-membrane analogy for liquid sur- 
faces. (Gibbs, by the way, developed the thermodynamics of 
supersaturated vapors to a point where only minor embellish- 
ments can be added.) 

Of particular interest to those in the field of applied mechanics 
are Rice’s comments on phenomena in strained elastic solids. 
It is seldom appreciated that Gibbs not only stated the criterion 
of mechanical equilibrium most concisely and clearly but that he 
elaborated it into a general discussion of equilibrium in strained 
solids. 

A great opportunity presented itself in the section of the Com- 
mentary entitled “The General Thermodynamic System of 
Gibbs” to take the student by the hand and lead him from first 
principles into the equilibrium reasoning employed by Gibbs. 
Unfortunately the opportunity is not grasped. First, the quota- 
tions from Clausius concerning the energy and entropy of the 
universe are mistaken for the principles from which Gibbs de- 
duces the conditions of equilibrium. Gibbs’ first sentence in his 
third paper bases his work on “the laws which govern any mate- 
rial system’”’ not on the laws which govern the universe as a whole. 
Much of this section of the Commentary is based on the theorem 
that “less work is obtained from a system in an irreversible 
change than in a reversible change.” But this theorem is not 
proved by unassailable steps. The nearest approach to a proof 
involves confusion of a process with a cycle. 

Despite minor shortcomings, the Commentary will prove of 
great value to the serious student of thermodynamics but it has 
another equally important function. The distinguished names 
among its contributors will serve once more to call the attention 
of the scientist and the engineer to “the originality, power, and 
beauty of Gibbs’ work in the domain of thermodynamics.” 


VoLuME 2, THEORETICAL Puysics 


Volume 2. Theoretical Physics, dealing with the contents of Vol. 
2 of the collected works. Edited by Arthur Haas. 


REVIEWED BY E. U. Connon? 


The second volume of the commentary is largely devoted to 
the work of Gibbs on statistical mechanics which is, as Gibbs puts 
it in the subtitle of his great book, “the rational foundation of 
thermodynamics.” In addition, there are shorter articles deal- 
ing with Gibbs’ work on dynamics, on vector analysis, and on the 
theory of light. 

The characters of the several articles are quite different. 
Prof. Arthur Haas of the University of Notre Dame contributes 
five of them: “The thermodynamic principles as extended and 
perfected by Gibbs,” “Gibbs and the statistical conception of 
physics,” “The chief results of Gibbs’ statistical mechanics,” 
“Special commentary on Gibbs’ statistical mechanics,” and 
“Commentary on Gibbs’ papers on dynamics.” These appar- 
ently are intended to form an introduction to help the student in 
his reading of the corresponding writings of Gibbs. This being 
so, they for the most part follow the original scheme of presenta- 
tion quite closely with frequent references to the corresponding 
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passage in Gibbs’ work. These articles should prove valuable to 
a student approaching the subject for the first time for Professor 
Haas is conscientious about helping the reader over mathematical 
difficulties even to the extent of an 18-page excursus covering 
properties of determinants. 

Prof. Leigh Page of Yale University contributes the article 
reviewing Gibbs’ work on the theory of light. These early ex- 
tensions of the Maxwell electromagnetic theory to cover crystal 
optics and circular double refraction are often overlooked in 
modern presentations. They had an important rdéle historically 
which was somewhat short-lived owing to the rapid development 
of electron theory which took over these results and expressed 
them in a different form. 

Prof. E. B. Wilson of Harvard University writes on “The con- 
tributions of Gibbs to vector analysis and multiple algebra.” 
This article is especially interesting because of the new material 
it contains based on the notes taken by Dean O. C. Lester of the 
University of Colorado who was a student in Gibbs’ class in 1901- 
1902 and by Prof. E. L. Dodd of the University of Texas who took 
the course during the last year, 1902-1903. Professor Wilson 
contributes an interesting short summary of the historical de- 
velopment of the various systems of vector analysis, ausdehnungs- 
lehre and quaternions. These subjects have indeed had a pe- 
culiarly controversial development. With quaternionists banded 
together in an International Association for the Promotion of 
Quaternions and with Oliver Heaviside shooting at them with 
sharply pointed vectors, it is small wonder that a man of Gibbs’ 
retiring disposition chose to stand apart from the fray. Yet as 
Professor Wilson writes, ‘Had he been an aggressive propagan- 
dist for vector methods, had he in 1884 published a treatise writ- 
ten down to the ordinary learner, the situation might have been 
different and the present diversity of vectorial notations might 
have been less, but only at the cost to Gibbs of a very long and 
bitter, and to him unpleasant, contest with the quaternionists.”’ 

To the reviewer it seems that by far the most valuable parts of 
the volume are three brilliantly written essays by Prof. P. 8. Ep- 
stein of the California Institute of Technology. These are en- 
titled “Application of Gibbs’ methods to modern problems of 
thermodynamies,”’ “Critical appreciation of Gibbs’ statistical 
mechanics,” and ‘Gibbs’ methods in quantum statistics.” In 
these we are given a clear picture of Gibbs’ work as a part of the 
living, moving picture of modern developments as they are taking 
place today, vividly written with a balanced historical perspec- 
tive. 

Concerning Gibbs’ work in thermodynamics, Professor Ep- 
stein pays this tribute: “Having greatly extended and developed 
the method of thermodynamic potentials, he was the first to real- 
ize what a powerful tool it was for the treatment of chemical 
problems. Once started on this road, he went to the end: We 
see here a phenomenon almost unparalleled in the history of 
science. A young investigator, having discovered an entirely 
new branch of science, gave in a single contribution an exhaustive 
treatment of it which foreshadowed the development of theoreti- 
cal chemistry for a quarter of acentury. The discipline of chemi- 
cal statics had in this period an enormous growth; a vast experi- 
mental material was accumulated and elucidated by theoretical 
discussion. And yet there was no element in this discussion that 
went beyond the explicit or implicit contents of that amazing 
treatise.” 

Epstein presents a concise summary of the development of 
thermodynamics since 1900, the influence of the early quantum 
theory, of the Nernst heat theorem, through to the modern theory 
of degenerate gases, of thermodynamics of nuclear transmuta- 
tions and of the theory of fluctuation phenomena. 

His second article gives a valuable modern review of the part of 
the statistical problem which deals with the ergodic and quasi- 
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ergodic hypotheses. A careful study of this review will do much 
toward clearing up ideas on this difficult fundamental problem. 
Here one also finds a most valuable critical account of the eriti- 
cisms made by Planck against the Gibbs definitions of entropy in 
statistical mechanies, a subject which has not hitherto been 
clearly summarized in the literature. 

Epstein’s third article is a masterpiece of clarity on one of the 
most difficult parts of modern physics. Here we find a straight- 
forward account of the way in which quantum theory introduces 
a cell structure into the continuous phase space of classical theory. 
Here is a clear presentation of the distinction between the specific 
and generic definition of phase in a system made up of many 
identical particles and of the relation which this question bears 
to the symmetry properties of the system’s wave function in 
quantum mechanics. 

On the whole, then, the volume represents a variety of purposes 
ranging from the pedagogically helpful commentaries of Haas 
through the historically illuminating contributions of Page and 
Wilson to the brilliant and profound expositions of Epstein on the 
present state of fundamental ideas in one of the major parts of 
theoretical physics. This variety cannot help but give the vol- 
ume a wide appeal. Personally, the reviewer feels that too much 
space is taken up with helping the student over the rough spots in 
Gibbs—that a better way to advance the subject would have been 
for an expert to prepare a modern elementary book on statistical 
mechanics. It could not be other than a living tribute to Josiah 
Willard Gibbs. After a student had mastered such a book he 
could then read the works of Gibbs without the help of a detailed 
running commentary, deriving that stimulation and inspiration 
which is always to be found in the works of the great masters. 
I suppose it is simply a question of whether you do or do not like 
the program notes at the symphony—I don’t. 


Bearing Metals and Alloys 


BeartnG Metats anp AtLoys. By Henry Norman Bassett, Chief 
Chemist, Egyptian State Railways. With a foreword by Sir 
Henry Fowler, K.B.E. Longmans, Green & Company, New York, 
1937. Cloth, 51/2 X 8'/2 in., xvi and 407 pp., 9 plates, and 124 
tables, $8.50. 


REvIeEweED By L, M. Ticuvinsky* 


N this book Mr. Bassett brings together vast and fully docu- 
mented information on matters pertaining to bearing metals 
and alloys. The World War gave a great impetus also to metal- 
lurgical development and since 1919 investigations of all kinds 
have continuously increased the store of knowledge of bearing 
alloys, their properties and application. 

The opening chapters describe briefly the lubrication of bear- 
ings and the performance of bearing metals. 

A large part of the book is devoted to white antifriction metals— 
lead- and tin-base alloys. The effect of additions to these metals 
is thoroughly discussed. The mechanical properties are also 
elucidated and such instructive information is included as ad- 
hesion, self-annealing, age hardening, and resistance to wear. 
The properties of white antifriction metals at elevated tempera- 
ture are given in the last 32 pages of the concluding chapter on 
white antifriction alloys. 

The next chapter deals with copper alloys used as bearing 
metals. The effect of some of the commoner elements on copper 
are mentioned. An explanation is given of the inverse segrega- 
tion in which the low-melting-point constituent migrates to the 
outside of the casting, sometimes actually exuding or forming a 
skin of composition entirely different from that of the bulk of 
the alloy. 
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Zine, lead, and phosphor bronzes are included in the next three 
chapters. The 88-10-2 zine bronze known as Admiralty gun 
metal is described together with modified gun metals. The group 
of lead bronzes comprises the copper-tin-lead, copper-tin-lead- 
zine, and copper-lead alloys. In connection with the phosphor 
bronzes tabulated data are given which show the variation of the 
physical characteristics with the length of time taken to melt the 
alloys. 

The final chapter deals with miscellaneous bearing metals. 
Taking these metals in order of importance, the first for con- 
sideration is the series in which cadmium is the base, which, 
though of comparatively recent introduction, is unquestion- 
ably a most valuable group of alloys. Aluminum-base, mag- 
nesium-base, and zine-base alloys, and brasses are described next. 
Beryllium copper, graphited metal, cast-iron compressed powder, 
rubber, wood, and stone bearings conclude the review. 

In this book engineers and designers will undoubtedly find 
many positive answers and solutions to their questions and 
problems arising in the course of bearing construction. Research 
and metallurgical engineers will have an excellent up-to-date 
reference on existing bearing metals and alloys. 


Engineering Mechanics 


ENGINEERING MEcHANIcS—SrtatTics. By S. Timoshenko, Professor 
of Theoretical and Applied Mechanics, Stanford University and D. 
H. Young, Assistant Professor of Engineering Mechanics, Uni- 
versity of Michigan. McGraw-Hill Book Company, Inc., New 
York, 1937, Cloth, 6 X 9 in., x and 331 pp., 464 figs; 336 problems. 
30 per cent worked. $2.75. 


REVIEWED By J. ORMONDROYD® 


[Hs BOOK has a maturity of outlook, a realism, and a 

broadness of content seldom met with in elementary texts 
intended for students of engineering. This follows from the fact 
that the authors take the viewpoint, unusual in textbook writers, 
that the student is an embryo practicing engineer who will find 
the laws of statics useful in solving his real problems. 

The contents of the volume are easily summarized. The first 
chapter gives four fundamental principles from which all the sub- 
sequent results are deduced, a general description of the types of 
force systems to be discussed and a brief statement of the rdle 
played by Coulomb friction in problems of equilibrium. The 
next six chapters develop systematically the methods by which 
force systems of increasing complexity in statically determinate 
situations can be completely specified. The last chapter en- 
titled “Principle of Virtual Displacements” gives an introduction 
to the energy method for solving statical problems. 

The outstanding characteristic of the book is its continual 
emphasis on the usefulness of the subject matter in actual en- 
gineering work. The authors’ general aim is stated clearly in 
the preface: ‘The industrial engineer is continually being con- 
fronted by new problems which do not always yield to routine 
methods of solution. The man who can successfully cope with 
such problems must have a sound understanding of the funda- 
mental principles that apply and be familiar with various general 
methods of attack rather than proficient in the use of any one.” 

Free use is made of all the mathematics which the engineering 
student usually studies. Some general statements of method, 
usually kept as “dark secrets” from the student, are given in 
the preface. ‘The solution of a problem in mechanics usually 
consists of three steps, (1) the reduction of a complex physical 
problem to such a state of idealization that it can be expressed 
mathematically or geometrically, (2) the solution of this purely 
mathematical or geometrical problem, and (3) the interpretation 
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of the results of the solution in terms of the given physical prob- 
lem.”’ Checking the solution “dimensionally” and by the con- 
sideration of certain limiting cases as logical extremes is sug- 
gested by the authors. Most of the 336 problems given in the 
text refer to concrete situations which might be met in the field 
of the practical arts. Many of them are of such a nature as to 
require the student to think clearly and physically before the 
mathematical equations can be derived. In all this the student is 
treated as if he possessed a maturity of outlook and interests— 
a standpoint too frequently absent in American collegiate train- 
ing. 

Some sections of the book are worthy of special note because of 
their unusually fundamental and complete treatment. 

Plane and space trusses and frames are discussed in four sepa- 
rate parts of the book where sufficient advance in the general 
theory has made the discussions possible. Maxwell-Cremona 
diagrams and Bow’s notation are given clear exposition. The 
reader might get a more homogeneous picture of this important 
field of statical analysis if these separate sections were combined 
into one at the end of the general theory. However, such a pro- 
cedure would violate the intent of the work which always strives 
to remain general in outlook. 

The funicular polygon, so frequently used in graphical cal- 
culations and nearly always imperfectly understood by the user, 
is in 20 pages given the best development the reviewer has ever 
seen. 

While statically indeterminate systems are not treated at 
length, enough is stated concerning them to let the students 
know how to detect their existence. This subject is rarely pre- 
sented to the American student even in abbreviated form. 

For a book so broad in outlook, it is a little disturbing to find 
the premier concept of statics—force—defined as “an action 
which tends to change the state of rest of a body.” Along with 
the other revealing insights to broader vistas which the authors 
have extended to the student, they might have indicated that 
statics represents only a special case of dynamics in which the 
bodies under consideration have constant velocities relative to 
some reference body. Their restricted and inadequate definition 
of force might well have been omitted since the authors, in com- 
mon with all other writers on the subject, use the vectorial con- 
cept of a force as their working tool throughout the text. 

The extremely brief notice given to Coulomb friction might 
be somewhat expanded to meet the mysterious bewilderment 
which always seems to overcome students when confronted with 
this subject. Perhaps a few very simple examples of frictional 
forces in various situations would dispel the haze which surrounds 
the subject in youthful minds. 

The appearance of a chapter on the method of virtual work is 
noteworthy in an elementary text. When first approached, this 
method always presents psychological difficulties engendered by 
its quaint and obsolete name and by its queer use of imaginary but 
possible displacements. These displacements, indicated with 
the unfamiliar variational symbols, finally disappear after having 
served as catalytic agents in the process. To the hitherto un- 
inoculated student, it all appears to be a species of magic and, 
therefore, it must be presented with extreme persuasiveness. 
¥/hen several forces acting on a system undergo simultaneous and 
related imaginary differential displacements, these all must be 
simple linear functions of one of the displacements in order to 
achieve the final and necessary “fade-out.”’ This doesn’t seem 
to be given adequate emphasis. The chapter, as written, could 
be brought nearer to comprehension if several extremely obvious, 
simple applications of the method were made which could easily 
be checked by the more familiar devices. 

Free-body diagrams, so dear to the heart of the pedagogue 
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(and actually very useful to the student), are not stressed by 
the text. That is to say, none of the diagrams are given in ex- 
ploded form with each separate member of the system shown 
acted upon by its own forces. This device may have been 
omitted as childish and unnecessary, but in an elementary text 
some concessions could be made to the possibility of youthful 
confusion. 

Engineers who have long passed their student days will find 
this book practically useful and culturally broadening. 


ENGINEERING Mecuanics—Dywnamics. By S. Timoshenko, Pro- 
fessor of Theoretical and Applied Mechanics, Stanford University 
and D. H. Young, Assistant Professor of Engineering Mechanics, 
University of Michigan. McGraw-Hill Book Company, Inc., 
New York, 1937. Cloth, 6 X 9 in., xii and 323 pp., 314 figs., 
$2.75. 


REVIEWED BY J. ORMONDROYD 


N FORM and spirit, “Dynamics” is a companion book to 
“Statics” by the same authors. The first half of the book is 
concerned with particle dynamics. The next 90 pages are de- 
voted to the rotation of rigid bodies about fixed axes. With 
this background, a chapter is given on general plane motion of 
rigid bodies. The last chapter—a short one—treats the sub- 
ject of relative motion. Although motion in three dimensions is 
touched on here and there in the text, the majority of the prob- 
lems attacked deal with plane motion. As in “Statics,” the 
treatment is elementary in that very little mathematics beyond 
the integral calculus is demanded. In the section on vibration 
simple linear differential equations are introduced. Most of the 
353 practice problems are built on subjects of direct interest to 
engineers. 

Throughout the book the equations of motion are presented 
and handled as differential equations. This is noteworthy only 
because most elementary texts on the same subject proclaim it a 
virtue to avoid the use of differential equations. 

Some of the subjects treated are not often encountered by 
engineering students in class, but frequently needed in practical 
work after graduation. The section on the graphical integration 
of the equation of motion when the external force is a function of 
time should be mentioned as one of these. Some 45 pages are 
devoted to simple vibration problems. In this section several 
technical applications of vibration theory are given. Applica- 
tions of d’Alembert’s principle are emphasized in every section 
of the book. The treatment of the support reactions of unbal- 
anced rigid bodies is exceptionally good and of great practical 
value. Gyroscopic action is not treated as a special mystery 
standing alone. The authors give it in such a way that it is a 
natural outgrowth of the ideas used in the section on unbalanced 
rotating bodies. Finally, the few paragraphs devoted to relative 
motion introduce the student to a subject to which he ordinarily 
remains a total stranger. 

Only one paragraph of ‘““‘Dynamics”’ is likely to cause more 
confusion than clarification. In discussing units, the authors 
draw a distinction between “gravity force” and “weight.” To 
most readers conversant with dynamical theory, these two things 
are the same. But to the authors, ‘“‘the weight of a body, as de- 
termined by a balance-type scale, is constant, i.e., independent of 
locality.”” That sounds suspiciously like our old friend “mass.”’ 
Later, mass is defined, very properly for engineers, as the weight 
of the body divided by the local acceleration of gravity—which 
seems to be entirely inconsistent with the preceding discussion. 

Texts such as “Statics” and “Dynamics” will go far to raise 
the level and tone of all engineering education if they achieve 
anything like widespread use. 
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Abstracts of Papers 


To be presented at the 


Fifth International Congress for Applied 


Mechanics 


Cambridge, Mass., September 12-16, 1938 


In 1922 a preliminary meeting was arranged by Professor 
Th. von Karman at Innsbruck, Austria. 

As a consequence the First International Congress for 
Applied Mechanics was organized by Professors Biezeno 
and Burgers at Delft, Netherlands, in 1924 and at that 
time an International Committee was formed, which con- 
sisted of scientists from each nation, to organize future 
Congresses. This committee has been very active, suc- 
cessively arranging the Second Congress in 1926 at Zurich, 
Switzerland, the Third in 1930 at Stockholm, Sweden, 
the Fourth in 1934 at Cambridge, England, and the pres- 
ent Fifth Congress. 

The Applied Mechanics Division of The American So- 
ciety of Mechanical Engineers since its formation in 1928 


C. S. AITCHISON, Washington, D. C. 
The “Pack” Test the 


Compressive Stress-Strain Graphs for Thin- 
Wall Material 


HE STRENGTH of most modern light-weight thin-wall 

structures such as monocoque fuselages is limited by the 
strength of the compressive members. These have frequently 
been designed on the basis of the tensile properties of the mate- 
rial. This is convenient as the tensile test is relatively simple and 
is widely used. However, it may lead to an unsafe structure, on 
the one hand, or an uneconomical structure, on the other, if the 
compressive properties of the material differ from the tensile 
properties. There is an urgent need for comparative stress- 
strain graphs in compression and tension to determine the mag- 
nitude of the resulting uncertainty. 

The “pack” test was developed with the support of the Na- 
tional Advisory Committee for Aeronautics to obtain compressive 
stress-strain graphs for such a comparative study. In the pack 
test a number of specimens of the thin-wall material are as- 
sembled in a pack which is then loaded like a block compressive 
specimen. The pack is restrained against buckling by the as- 
sembly and by an external lateral support consisting of pins. 

Compressive stresses in excess of 180,000 Ib per sq in. have been 
applied to packs composed of five specimens taken from 0.05-in. 
steel sheet, before the packs failed by instability. The accuracy 
of the pack test was found to be of the same order as that of the 
tensile test. 

The pack test has been used to determine compressive stress- 
strain graphs of a number of materials loaded both in the direc- 
tion of rolling and at right angles to that direction. A comparison 
of these graphs with the corresponding tensile graphs has shown 
that the compressive graphs in the direction of rolling are for 


for Determining 


has always taken an active part in cooperating with the 
International Committee in organizing American partici- 
pation in these Congresses, and is very pleased to offer 
space in the JOURNAL OF APPLIED MECHANICS for these 
abstracts of the papers to be presented at the Fifth 
Congress held in Cambridge, Massachusetts. In so doing 
it takes pleasure in bidding a cordial welcome to the 
foreign guests. 

The abstracts here are all printed in English; those origi- 
nally in French or German have been translated and the 
fact is indicated with each title. All papers will be read at 
the meeting in the language indicated; while those bear- 
ing no special remark with their title will be presented in 
English. 


some materials, such as aluminum alloy sheet 17ST and 24ST, 
approximately equal to the tensile graphs at right angles to that 
direction. 


M. AKIMOFF, Leningrad, U.S.S.R. 


On the Singularities of the Motion of a Particle 
on a Rough Helicoid Surface of Vertical Axis 
(French) 


ONTINUING my researches on the motion of a heavy 
point moving with friction along a helicoid surface of verti- 
cal axis, I have attempted to work out in further detail by the 
method of Liapounoff the motions close to the steady-state mo- 
tion along a helical line on the helicoid surface, when one or two 
roots of the characteristic equation are zero or purely imaginary 
while the other roots have negative real parts. My previous 
publication can be found on page 151 of the Proceedings of the 
1934 Congress in Cambridge, England, while Liapounoff’s 
method is described on page 203, vol. 9 (1907) of the Annales de 
la Faculté de Toulouse. 


K. ARNSTEIN, E. L. SHAW, Akron, Ohio 


Methods of Calculating Stresses in the Hulls 
of Rigid Airships 


‘THE FRAMEWORK of a rigid airship is a structure with a 

high degree of redundancy. Its analysis is further com- 
plicated by the fact that braced transverse frames and panels in 
the shell of the framework are stiffened by wires or thin mem- 
branes which can take compressive forces only to an amount 
controlled principally by their initial tension. This means that 
under certain load conditions, some of these bracing elements 
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may become slack and thus fundamentally affect the behavior 
of the structure. In addition, the problem of computing stresses 
in such a structure is greatly enhanced by the large number of 
loading conditions to which an airship is subjected. For these 
reasons a theoretically exact treatment of even the primary 
stresses by known general methods is laborious. 

This paper discusses the applicability of methods based on per- 
missible simplifying assumptions which lend themselves to a 
practical engineering solution for this complex problem. It 
deals with general and specific methods for determining the longi- 
tudinal and transverse strength of airship hulls and considers 
also the problem of general structural instability. 

Past European and American practices are discussed in the 
light of present knowledge and their values appraised as fore- 
runners to modern trends in stress analysis of spaced frameworks. 

As an illustration of recent development a simple method for 
determining stresses in a representative section of an airship is 
presented. Results obtained from an investigation on an airship 
model are used in the evaluation of the various methods. 


B. A. BAKHMETEFF, N. V. FEODOROFF, New 
York, N. Y. 


Flow Through Granular Media 


HE PAPER summarizes experiments planned to gain a 

general view of the phenomenon as a whole. The initial 
series carried out with uniform Jead shot reveals the general se- 
quence of flow forms. With the effect of porosity accounted for 
by a suitable dimensional transformation, the resistance coeffi- 
cients in a generalized quadratic formula, when plotted against a 
Reynolds characteristic result in a unified curve, bearing resem- 
blance to form resistance of isolated spheres. 

The Darcy Jaw of linear resistance is found to prevail until 
5. The permeability coefficient in the customary formula 
U = K's? X h/C takes the form K’ = (2g/v)(a‘*/C,) with only 
one empirical dimensionless parameter C, = const = 710. In 
the higher regions, near R = 5000, the velocity exponent in the 
resistance relation rises gradually to near n = 1.90. 

The second series of experiments discloses the influence of 
shape. Coefficients obtained for segregated sand, gravel, and 
debris particles are compared with the unified curve for spherical 
elements, accepted as standard. The ratio is the “shape factor.”’ 
Rather narrow natural limits for the latter are disclosed; lying 
between 1.2 for rounded fine sand and near 1.95 for trap rock of 
larger size. 

The last series deals with mixtures. In the light of the preced- 
ing, the notion of an “equivalent particle size” is set on a factual 
quantitative basis. Aggregates composed of shot and sand parti- 
cles of two sizes in different proportions, as well as natural sand 
mixtures of different compositions are studied; the results in the 
latter case are plotted into the customary mechanical-analysis 
diagrams. None of the different empirical rules suggested here- 
tofore for determining the equivalent particle size appear to hold. 
The method is offered for the moment as a rational approach, 
reserving practical deductions for further detailed studies. 


R 


WA 


J. BARTA, Budapest, Hungary 
On the Greatest Elastic Displacement Pro- 
duced by a Force 


THs DISCUSSION refers to such an elastic system (girder, 
framework, rigid frame, thin plate, or the like) as will, under 
the influence of applied forces, distort only elastically. For a 
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single concentrated moving load the following theorems are valid: 
(1) If the magnitude of the force is given, but its direction and its 
point of application are arbitrary, then the greatest possible dis- 
placement produced by the force arises at the point of application 
of the force, and its direction agrees with the direction of the 
force. (2) If the magnitude and direction of the force are given, 
but its point of application is arbitrary, then the greatest pos- 
sible component of displacement in the direction of the force arises 
at the point of application of the force. (3) If the magnitude and 
point of application of the force are given, but its direction is 
arbitrary, then the direction of the greatest possible displacement 
agrees with the direction of the force. 

The proof of these theorems is based on the properties of the 
influence functions 444, 5s, and 4,, for the elastic displace- 
ment. 


W. BARTH, Friedrichshafen, Germany 


Experimental and Theoretical Investigations 
Concerning the Drag of Airplane Radiators 


(German) 


LMOST ALL cases of practical airplane-radiator installation 
can be reduced to the simplified case of an installation of an 
infinitely extended plane parallel to the flow. The flow condition 
in the radiator remains practically unchanged but the influence on 
the drag due to mutual interference of radiator and airplane part- 
can be eliminated. The drag of this radiator arrangement i- 
calculated with simplified assumptions provided the quantity of 
cooling air and the pressure in the exit. cross section are known 
or can be determined by experiment. With the aid of derived 
relations the various causes for the radiator drag can be demon- 
strated and the different contributions, caused by energy losses 
external or internal to the radiator, due to the fundamental 
arrangement, the cross section, and so on, can be determined. 
A complete analysis of the radiator drag is carried out with the 
use of experimental data. 

A simple numerical treatment of the problem is possible if one 
considers the radiator to be installed in a channel of constant 
cross section. 

The calculations are carried through for one case and com 
pared with experimental investigations. The influences of vari- 
ous changes are discussed and their effects verified by caleu- 
lations and tests. 


L. BERGERON, Paris, France 


Graphical Analysis of the Propagation of 
Plane Waves 
(French) 


N ANY MEDIUM in which a plane wave is propagated ac- 
cording to the equation of vibrating strings, the state of the 
medium, in any location and at any time, is given by the value of 
two physical quantities wu and i which characterize the state 
For an elastic bar these quantities are the tension and longit1:- 
dinal velocity; for a vibrating string they are the shear force ani 
the transverse velocity; in a twisted bar they are the torsiona! 
moment and angular speed; in a fluid they are the pressure and 
the flow; in an electric line they are the volts and amperes. In 
all these cases one can deduce from the general equations the 
following simple physical law: 
To an observer who moves with the wave velocity the quantit) 
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u, plotted as a function of the quantity 7, gives a straight line 
which passes through the characteristic point t,, at the time ¢ and 
location m of the initial state; the slope of this straight line (+ 
or — tan y) depends on the physical constants of the medium 
through which the waves are propagated, and its sign depends 
on the direction of the velocity of the observer. 

At the ends of the string, one finds the characteristic point as 
the intersection of this straight line with the trace of the function 
¥ (u, 7) which is imposed at this end at the instant that the ob- 
server arrives at it. From there on the propagation of the waves 
and their reflection at the two ends of a homogeneous medium is 
shown in the u-i plane by a broken line of which the successive 
sections make angles + y with the abscissas and of which the 
highest points are alternately on the curve y4 (u, 7) and Wz (u, 7) 
imposed on the two ends A and B. This simple graphical method 
also applies to cases where the end conditions are given by an in- 
tegral or differential equation. For example, F = Mv for s 
mass; » = Jw for a flywheel; h = f qa for a hydraulic surge 

A‘ 
tank of cross section S, fluid height h, and flow g; u = L di/dt or 
t = C du/dt for an inductance or condenser, and so on. 

We then choose two observers following each other by an inter- 
val of time At, so small that the differential function is sufficiently 
linear during the interval. The construction then is as follows: 
The point t, being known to the observer arriving at the end A at 
time ¢, the point (¢ + At), at the same location but at time 
t + At will be on the straight line of the following observer; 
also, however, this point will be on a straight line belonging to an 
observer who moves fictitiously in the end apparatus: mass, 
flywheel, tank, .... For this observer the straight line has the 
slope: tan = *+2M/ At, 2// At, 2L/ At, 2S/At,.... The line 
starts from point t4 found before, is reflected on the abscissas or 
ordinate axis, and on its return gives the point (tf + Af), to be 
determined. 

Diagrams made for studying the fall of a mass on a pile have 
led to certain corrections in results found analytically by Bous- 
sinesq and Saint Venant. 


C. B. BIEZENO, J. J. KOCH, Delft, Holland 


The Buckling of a Cylindrical Tank of Vari- 
able Thickness 


F A TANK of radius a, loaded by the external pressure q, is 
built up of rings, the thickness h of which—though constant 
for each of them—diminishes with the elevation above the 
ground; if ¢ and z represent the azimuthal and axial coordinates 
of a point of its middle surface; and if 
uo = U cos pe, tw = V sin pg, and wo = W cos pe 

represent the radial, tangential, and axial displacements of this 
point, where U, V, and W are unknown functions of z only, and 
p stands for the number of circumferential lumps of the buckling 
tank; then it can be shown, that, for each ring i, U; obeys ap- 
proximately the differential equation 
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Eh,a® d*U, 
p* 
The boundary conditions for the approximative solution are 
U, = 0, U",; = 0 at the upper rim of the top ring; U, = 0, U", = 
0 at the lower rim of the low-level ring n; and 


Eh,a? |. 
U; = Us+1, U'; = U", = —— 


p* p* 
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at every joint of two consecutive rings. 

It follows, that the problem finds its analogon in an elastically 
supported bar of unit width, built up of n joined parts, each having 
its own coefficient of bending rigidity S; = Eh,a*/p*; the (vari- 
able) coefficient of rigidity of the elastic medium is represented by 


Eh;3p* p? 
‘1211 a 

Consequently the minimum buckling load of the tank is identi- 
cal with the minimum value of g, admitting an equilibrium posi- 
tion of this bar, differing from the straight one and satisfying 
Equations [1] and [2], p being restricted to integer values. 

In the paper a method is described which not only leads to the 
solution of the buckling problem, but also makes possible the 
calculation of the stiffening rings, which might prove indispensa- 
ble if the coefficient of safety with regard to the prescribed 
working pressure of the tank appears to be insufficient. 


WITOLD BILLEWICZ, Warsaw, Poland 


General Methods of Calculation of Two-Spar 
Wings Under Torsion 


HIS PAPER consists of three parts and gives the methods 

of caleulation and formulas for two-spar wings: (1) as thin 
sections in torsion, with one end subjected to constraint; (2) as a 
wing with open section, where short openings are made due to 
construction methods; and (3) as two independent spars under 
torsion, where the covering is neglected. 

It is assumed that direct normal stresses are transferred by the 
longerons, and the shearing stresses by the shell in the section. 
There are given exact and approximate formulas for normal and 
shearing stresses and also for the angle of twist and other dis- 
placements due to torsional stiffness. 

Some numerical examples are solved to give the tables and the 
diagrams and, which is very important for the final conclusions, 
to compare the results of these methods. 


M. A. BIOT, New York, N. Y. 


Theory of Elasticity With Large Displacements 
and Rotations 
HE THEORY is developed for two-dimensional strain. 


We assume the strain to be small in order to keep the va- 
lidity of Hooke’s law, but we do not imply, as in the classical 
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theory of elasticity, that all the partial derivatives = =, _—— 

Or Oy Or OY 

are of the same order as the strain. It is obvious that the “‘ro- 
tation” 

fd du 


may be large with respect to the strain. 

If we assume this possibility in the theory, additional terms 
must be added to the classical equations of elasticity. 

Since the stress-strain condition of the material around an ar- 
bitrary point ignores the local rotation, it is best to refer the 
stress and strain to a system of axes with its origin located at that 
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point and rotating with the local rotation of the material. The 
equilibrium conditions with these stress components will then 
include terms in which appears the rotation. They are found 
to be (in case of no body force) 


don On: ow = 0 {2] 
oy ae ou 022 oy « 
Oo12 Oo22 Ow Ow 

— on) — + 2o2— = 0..... ab) 


with boundary conditions including similar terms. 
The corresponding strain components are 


The theory of buckling and elastic stability may be derived 
from the above equations by considering an initial state of stress 
11 om o and linearizing the equations for small displacements 
and small additional stresses o1; 022 o12. 


We find the equations of equilibrium 


+ (o1 — ox) + on oy = @....... [5] 


with corresponding boundary conditions. 
Since ¢ is of the order Ge (G = shear modulus) we notice that 
buckling occurs when 
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i.e., When the rotation is to the strain in the ratio of G to the 
maximum initial shear. 

The theory has been applied to evaluate the critical load for 
a thick plate buckling in plane strain. 


L. M. K. BOELTER, V. H. CHERRY, A. LEE, 
W. O. NELSON, Berkeley, Calif. 


Pressure Drop and Heat Transfer in Pipes for 
Nonisothermal Flow 


HE CALCULATION of the ratio of pressure drop for non- 
isothermal viscous flow to the pressure drop for isothermal 
viscous flow in a circular tube as a function of the pertinent vari- 
ables has been accomplished. 
The fluid property which has the greatest variation with tem- 
perature is the viscosity 4. The solution of the conventional 
dynamical equation of equilibrium 


pertaining to the flow of a concentric annular ring of fluid was 
modified by expressing the viscosity as a constant divided by the 
temperature raised to various powers 6. The integration for 
pressure p and velocity u was effected, assuming the viscosity to 
be a function of radius r and length z, and the pressure p to be a 
function of length only. 

Thus (a) the temperature distribution must be known in order 
to compute the velocity distribution, and (b) the velocity dis- 
tribution must be known in order to solve the heat-conduction 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1938 


equation for the temperature distribution. The difficulty of in- 
tegration was avoided by employing existing solutions of the 
heat-conduction equation based upon the assumption of laminar 
flow: 

1 Graetz in 1885 had solved the heat-conduction equation 
for the flow of a fluid through a tube with the assumption of a 
parabolic velocity distribution under the conditions that tube 
temperature and entrance oil temperature be uniform and con- 
stant. The solution involved an infinite series of functions. 
Four of these functions have been evaluated. The slowly con- 
verging series of functions is not applicable to short tubes. 

2 Leveque in 1928 had solved the heat-conduction equation 
by an approximation which limited the solution to short tubes. 
The conditions were that the tube temperature and the entrance 
oil temperature be uniform and constant. The integral in the 
solution was evaluated graphically. 

With the temperature distributions in 1 and 2, the integrals in 
the expressions for the velocity and pressure distributions were 
determined graphically. In the region where neither the Graetz 
nor the Leveque solution was applicable, an interpolation was 
performed. 

The ratio of the nonisothermal pressure drop to the isothermal 
pressure drop (at the tube temperature) for the same mean ve- 
locity was computed as a function of a dimensionless variable 
proportional to the tube length. The results compared reasona- 
bly well with experimental data obtained at the Massachusetts 
Institute of Technology. 

The nonisothermal velocity distribution and the pressure ratio 
for various values of the viscosity exponent b were computed for 
a particular tube-to-oil temperature difference and length. 


L. M. K. BOELTER, R. C. MARTINELLI, Berke- 
ley, Calif. 


The Effect of Vibration Upon the Free Con- 


vection From a Horizontal Tube 


ADEQUATE data on the free convection from stationary 

horizontal cylinders in free space are available. The pur- 
pose of this paper is to present the effect of sinusoidal vertical 
vibration upon the rate of heat loss for a displacement amplitude 
range from 0 to 4 mm and a frequency range from 0 to 40 cycles 
per sec. The experimental results were obtained with a */,-in. 
smooth tube, 125/s in. long placed at the center of a 36-in. diam 
X 36-in. high cylindrically shaped water bath. The tube-surface 
temperature was varied from 75 to 113 F and the bath tempera- 
ture was kept constant throughout one run but was varied from 
62 to 73 F throughout the series of tests. 

Film conductances per unit area were computed from the 
measured electrical input for the corresponding pipe-surface 
temperatures and the temperature of the fluid far away. 

The experimental results indicate that until a certain value of 
a Reynolds number Re” (in which the amplitude of the velocity 
of the pipe in the cycle was introduced) is reached, the rate of 
heat transfer from the tube can be predicted from free-convection 
data. When this critical value of Re” is exceeded, an increase 
in heat transfer results, and the effect of free convection dimin- 
ishes as Re” becomes larger. Ata high value of Re” the effect of 
free convection becomes negligible and the heat transfer is a func- 
tion of Re” only. 

Consideration of the heat transfer from an infinite vertical 
plate yielded an analytical expression for the rate of heat transfer 
of the form 


Re” d/2a)}/Nu Nu[300 — | 
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where Nu = boundary modulus, Nusselt’s number 


Gr = free-convection modulus, Grashof’s number 
Re" = Reynolds’ number = awd/p 

a = amplitude of tube displacement 

w» = angular velocity of vibration 

d= significant dimension, the diameter 

v = kinematic viscosity of fluid 


The experimental and the analytical results are of the same form, 
thus confirming the analytical solution as a sound first idealiza- 
tion. 


WILLIAM BOLLAY, Cambridge, Mass. 


A Contribution to the Theory of Planing 
Surfaces 

HE THEORY of planing surfaces such as seaplane floats is 

similar to the airplane-wing theory except that it is further 
complicated by the fact that a free surface exists and thus gravity 
forces also enter into the picture. At high speeds (large Froude 
numbers F = V/+/(Lg)) the inertia forces are, however, the most 
important, and thus as a first approximation the gravity forces 
can be neglected compared to the inertia forces. With this as- 
sumption the problem of the planing seaplane float resolves itself 
into finding a three-dimensional discontinuous potential motion 
about the inclined seaplane float. This problem is difficult. 
However, it is possible to treat certain limiting cases. H. Wagner 
at the last meeting of the Congress discussed the problem of the 
infinitely wide flat gliding surface (infinite aspect ratio) and 
pointed out the analogy between this flow and that on the lower 
surface of a wing. Because of this analogy it is possible to trans- 
fer also the results of the Prandtl-Lanchester theory for wings of 
finite but large aspect ratio to the seaplane float. In the present 
paper this investigation is extended to small-aspect-ratio gliding 
surfaces, i.e., surfaces whose length is greater than their width. 
The limiting case of a surface of infinite length and finite width b 
can be treated simply by means of the Helmholtz-Kirchhoff 
theory of free streamlines. It is only necessary to superpose a 
flow parallel to the plate length on the discontinuous potential 
flow normal to the plate. This gives a normal-force coefficient 
for a flat gliding surface of 


Cy = 0.88 sin?a 


where a is the angle of attack of the plate. This compared with 
the author’s result of Cy = 2 sin*a for a wing of infinite chord. 
Thus a long gliding surface has about 44 per cent of the normal 
force of the corresponding wing. Similarly the case of the V- 
shaped gliding surface is treated and it is shown that the normal 
force is reduced; thus the induced drag for a given lift force is in- 
creased. For the case of the glid:ng surface of small but finite 
aspect ratio, Sottorf finds good agreement with the experimental 
results of Winter on wings of small aspect ratio. The author's 
theory for such wings of small aspect ratio thus is also applicable 
to similar gliding surfaces. 


J. BOYD, see NADAI 


S. BRODETSKY, Leeds, England 


The General Motion of the Airplane 


‘THE ONLY information of a general character concerning the 

dynamics of the airplane, unassociated with steady motion 
and small disturbances, is the theory of Lanchester’s phugoids; 
and although this was published in 1908, reference to the litera- 
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ture on the subject shows that not only has practically no ad- 
vance been made on Lanchester’s work, but that its significance 
as a first approximation under certain conditions is not yet fully 
understood. 

It appears, therefore, that there has been a generation of stag- 
nation in the mathematical study of airplane dynamics, and the 
object of the present paper is to initiate a systematic mathemati- 
cal study of the subject. The general idea is that of finding, in 
the first instance, an approximate solution, and then improving 
it by proceeding to a second or, if necessary, to a still higher 
approximation. The mathematical process consists of discard- 
ing the time as the independent variable, and using one of the 
Eulerian angles—the pitch, the roll, or the yaw—instead. The 
choice is suggested by the nature of the particular kind of motion 
contemplated; thus the pitching angle must obviously be used 
when studying longitudinal motions, the yawing angle is conven- 
ient in dealing with spinning motion, the rolling angle is conven- 
ient in dealing with rolling motion. 

In order to obtain a process of successive approximations we 
assume that one component of the velocity of the center of gravity 
predominates over the other two components, and that the angu- 
lar velocity is small. We express the components of velocity of 
the center of gravity and the components of angular velocity in 
terms of the gliding velocity of the symmetrical machine in the 
given position of the elevator, and consider three typical ‘“stand- 
ard conditions” of the machine, according as the elevator is ad- 
justed for standard normal flight, standard diving flight, or 
standard stalled flight, respectively. Using experimental evi- 
dence as to the kind of air-resistance forces obtained in these 
three standard conditions of the machine, we find that first ap- 
proximations can be deduced by means of a judicious comparison 
of the orders of magnitude of the various terms in the equations of 
motion. 

The method can be applied to symmetrical and unsymmetrical 
airplanes. We can also deal with the case of moving controls, as 
e.g., when the elevator is turned in flattening out from a dive. 
The method can of course be used with the machine as a glider, 
or with the engines and airscrews in action. 

We find that, under certain conditions, Lanchester’s phugoids 
represent a first approximation to general longitudinal normal 
flight. In addition, other new types of first-approximation 
paths are obtained: Extended phugoids, power phugoids, cor- 
rected phugoids, neutral phugoids, and soon. The method also 
gives three-dimensional phugoids, which suggest the Immelmann 
turn, the slow spin of the stalled airplane, and the slow roll. 

Thus, first approximations to the most important aerobatics 
have already been obtained; some have been worked out in de- 
tail already, others are now being investigated by the writer and 
collaborators. It is also possible to study the equations of motion 
for the deduction of possible first approximations in an a priori 
manner. 

Second and higher approximations are not difficult to obtain, 
when once a first approximation exists. In particular, the loop- 
ing motion of an airplane in normal flight has been worked out 
by one of the author’s research pupils to a second approximation, 
by means of a mathematical process, which represents a possible 
alternative to step-by-step integration and has the advantage of 
being applicable immediately to any initial conditions. 


W. BRONIEWSKY, Warsaw, Poland 


Tensile Tests 


HE ELONGATION of a test bar under tensile test consists 
of a uniformly distributed extension and of a concentrated 
elongation due to the reduction of area. This may be expressed 
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in the formula A% = a% + 6%. For a circular bar with 
diameter do before the deformation and d; near the gage of the 
test bar, there will be the additional equation a% = (d,?/d,? — 1) 
x 100. The knowledge of the concentrated elongation b% 
allows the calculation of the elongations for different bars where 
the principle of proportionality cannot be applied. If A% and 
b°% are obtained for a test bar with the gage length equal to the 
n-fold diameter, then A’% for the bar with a gage length equal to 
the n’-fold diameter may be found from the formula A’% = 
+ 6%(n/n' — 1). 

The work produced during tension, usually found by measuring 
the area of a tensile-test diagram by planimeter, may be expressed 
here with sufficient accuracy by the formula 


T = 0.0025(3R + Q)A% 


where the work T is expressed in kg-m per cu em of volume of the 
test bar along the gage length, and R and Q, in kg per sq mm, are 
the ultimate strength and the elastic limit of the material, re- 
spectively. The total elongation A% corresponds here to the 
international sample with n = 10. The work done during tensile 
test may be useful as an indicator of the best alloy among a group 
having various compositions, heat-treatments, or amounts of 
cold working. 

Diagrams of the concentrated elongation and of the work done 
during a tensile test show that some copper alloys have concen- 
trated elongations of nearly 10%. The familiar drop in the 
diagram of the total elongation A plotted against the stress, is 
due to the decay of the uniform elongation a at that point, and 
beyond this point the total elongation must be identified with the 
concentrated elongation. 


K. A. BROWNE, see TAYLOR 
V. H. CHERRY, see BOELTER 


E. CHWALLA, F. SCHOBLIK, Brno, Czechoslovakia 


Lateral Buckling of Rectangular I-Beam 
Frames 


(German) 


HE SYSTEM under consideration consists of two straight 

pieces of I beam joined together to form an L-shaped frame 
and loaded by two equal and opposite forces at the two corners, 
directed along the hypothenuse of the L. One of the principal 
stiffnesses of the beam cross section is supposed to be small with 
respect to the other one. The two ends of the L frame are so 
constrained that the usual cross-sectional deformation caused by 
twist is prevented. Rotation of the ends perpendicular to the 
plane of the frame is also impossible; the ends, however, are 
free to move as well as to turn undisturbed in the plane of the 
frame. 

When the load reaches a certain critical value the frame can 
buckle laterally out of its own plane. The problem is discussed 
for a general L shave up to a certain point, and in greater detail 
for the specia] case of an L with equal legs, where the buckled 
shapes are divided into two groups, symmetrical and anti- 
symmetrical. When the Jegs are very long with respect to the 
cross-sectional dimensions, the effect of the prevented deforma- 
tions of the end sections becomes less important. By neglecting 
it the general buckling condition assumes a simpler form, solu- 
tions of which can be obtained in series form. The buckling 
loads so found represent lower limits to those in which the end 
constraint is considered. 
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L. P. COOMBES, Farnborough, England 


Scale Effect in Tank Tests of Seaplane 
Models 


CALE effect in wind-tunnel tests of airplane models has 

been the subject of a vast amount of research, and in recent 
years, a study of the flow in the boundary layer has thrown light 
on problems which were previously obscure. The same satis- 
factory state of knowledge does not exist for seaplane models 
tested in a tank. Tank testing has one advantage over wind- 
tunnel work; the degree of turbulence present in the water is 
negligible in either a tank or a full-scale test. On the other hand, 
the difficulty of making scale-effect investigations is much in- 
creased. 

For example, the analysis of a full-scale take-off or taxi- 
ing test involves the estimation on insufficient data of such 
factors as the effects of the water surface and slipstream on lift 
and drag. For this reason, special seaplanes fitted with force- 
recording undercarriages have been built in both England and 
Germany. Again, the time available in tank tests is strictly 
limited by the length of run, and this enormously increases the 
difficulty ~f boundary-layer exploration. The results of tests 
have not always been consistent and further work is in progress 
in England on the following lines: 

(a) Further comparative tests of small models in a tank and 
large-scale floats fitted to a load-recording undercarriage of a 
seaplane. 

(b) Analysis of the forces on hulls and planing surfaces of 
simple form into hydrostatic, hydrodynamic, and skin-friction 
forces by tests made at constant draught. These tests have 
the advantage for analytical work that the wetted surface tends 
to a limiting value at a low speed. 

(c) Exploration of the flow in the boundary layer of planing 
surfaces to determine whether the flow is fully turbulent. 

(d) Determination of the effect of roughness. 

In parallel with this work, the problem of scale effect on the 
porpoising of seaplanes is being studied by comparative tests 
between full-scale seaplanes and dynamically similar models. 


PRESCOTT CROUT, Cambridge, Mass. 


The Application of Reciprocal Force Diagrams 
to Space Frameworks 


ECIPROCAL force diagranis, commonly used for the de- 
termination of primary stresses in plane frameworks, form 
the subject of an important branch of graphic statics. Although 
these diagrams were first drawn by Taylor, the theory was origi- 
nated by Maxwell, and was further developed by Bow, Culmann, 
Cremona, Lévy, Schur, and others. This development is inter- 
woven with a great deal of advanced geometry, and many of the 
results are purely geometrical. The practical result of this 
theory, which in 1900 was essentially in its present form, was the 
obtaining of reciprocal diagrams for plane frameworks composed 
of triangles and loaded by external forces applied at joints lying 
on the outer periphery. A generalization to three dimensions 
was made by Maxwell; and although the resulting theory is per- 
fectly good geometry, it is not applicable to space frameworks. 
In the present paper the theory of reciprocal diagrams is ex- 
tended to space frameworks. Crudely speaking, the generaliza- 
tion involved is that of a plane to a curved surface, rather than 
that of a surface toa volume. Conditions are given for the exist- 
ence of such diagrams, and these conditions are broad enough to 
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admit such diagrams in the case of many practical space frame- 
works. 

As examples the following space frameworks are considered: 
Dredge framework, Schwedler dome, latticed dome, roof frame- 
work, tower framework, bridge framework, and three-hinge arch. 
In each of these cases the three projections of the reciprocal force 
diagram are given, as the diagram itself is a space figure. The 
general method of construction of such diagrams is discussed, and 
the differences in procedure for the various types of framework 
are indicated. 


G. DARRIEUS, Paris, France 


Contribution to the Theory of Turbulence: 


Analysis in Cellular Eddies 
(French) 
HE REPRESENTATION by a triple Fourier series of a 

’ general state of motion permits us to consider that state as a 
result of the superposition of systems of cellular eddies that are 
periodically distributed in a three-dimensional space. These 
eddies are independent as far as kinetic energy and dissipation are 
concerned, but they can exchange among themselves, three by 
three, an energy which can be calculated from Euler’s equations, 
as soon as we satisfy a simple selective relation between the corre- 
sponding ‘‘wave vectors” which can be associated with each eddy 
by virtue of the decomposition of the cellular system into strati- 
fications or plane waves. The spectrum of these elementary 
modes of motion, which is theoretically indefinite toward the 
shorter wave lengths, is in practice limited by the more rapid dis- 
sipation of the finer components of the turbulence to a value de- 
termined by a criterion of Reynolds’ \u'/vy = const, in which X 
is a mean dimension of the eddies and wu’ is the mean velocity of 
the turbulent motion. 

This analysis has permitted us to find in a more rigorous and 
general manner several of the important results obtained pre- 
viously by J. M. Burgers concerning the tendency toward equi- 
partition of the energy between the various components resulting 
from Liouville’s theorem proved in the absence of viscosity. 
Also the result of G. I. Taylor concerning the relations between 
A, the rate of dissipation, and the domain of correlation, was veri- 
fied by the analysis which, however, led to a different law for the 
extinction as a function of time of a homogeneous and isotropic 
state of turbulence. That law is 1/(u’)*? = \* = A + Bt and it 
seems to be better verified by wind-tunnel experiments behind 
grids or honeycombs, at least in the later stages of the dissipation, 
which is the only part of the process that is truly independent of 
accidental occurrences in the production of the turbulence. The 
fact that the form of the Reynolds criterion is independent of 
any scale given a priori, as well as of the size of the meshes of the 
grid, seems justified, not only on account of certain reasons of 
principle, but also by the experimental correlation curve of H. L. 
Dryden, which is, to a large extent, invariable in the course of 
time. 

The energy distribution between the various components 
could be found from direct experiments by a Fourier integral 
analysis of the velocity measured at one point. However, that 
distribution can also be deduced in principle from this experi- 
mental law of correlation. 


A. V. De FOREST, Cambridge, Mass. 


The Measurement of Impact Strains 


STRAIN gages utilizing the change in electrical resistance 
which takes place as a result of deformation have long been 
known. A more recent form of such gage, where the resistor 
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material is cemented directly to the part, has been used for vibra- 
tion-strain measurement on airplane-propeller blades and similar 
vibrating members. The frequency of the moving parts is less 
than 1000 cycles per sec, and moving-mirror (Duddell) oscillo- 
graphs are suitable for the record. 

It has now been found that strain-sensitive strips, called Ess 
Strips, are capable of measuring strains propagated at the speed 
of sound in metal under impact conditions. Longitudinal stress 
waves have been set up in steel bars, 6 ft, 4 ft, and 1 ft in length, 
and the transient strains measured at different places on each bar. 
At the same time measurements were made of the duration of 
contact between bars. 

A two-element cathode-ray oscillograph is used which was 
developed by Professor Draper at the Massachusetts Institute 
of Technology. The camera is operated at 400 in. per sec film 
speed, and a ten-times enlargement of the film is normally used; 
the final record then has a time scale of 4 in. = 0.001 sec. The 
associated amplifiers are calibrated for response by means of 
flat-topped electrical waves at a frequency of 40,000 cycles per 
sec. 

The Ess Strips are calibrated by applying a 60-cycle vibration 
to a tuned reed, and the deformation of these strips in turn is 
measured with a Tuckerman strain gage. The accuracy of the 
measurement of the strain is of the order of plus or minus 2 per 
cent. 

The Ess-Strip method appears to be reliable for strain measure- 
ments up to the rate of transmission of strain waves in solid 
metal. It is believed that the system will be useful in measuring 
complicated conditions, such as occur with impact or detonation 
loading. 


H. De LEIRIS, Paris, France 


On the Measurement of the Elastic Constants 
by Pneumatic Amplification of Deformations 
(French) 


HE DIRECT measurement of the elastic deformations of 
small-size test specimens is possible only by a very high am- 
plification of these deformations. 

Such an amplification can be obtained by the pneumatic 
method ‘‘Solex”’ in which air under constant pressure passes first 
through a fixed orifice, and then through a second orifice the 
opening of which is controlled by the variation of the quantity 
to be measured. The pressure existing between the two orifices 
measures the opening of the second one, from which the variation 
in question can be deduced. The curve of the pressure as a func- 
tion of the opening of the second orifice shows an inflection point 
with a wide region of almost straight characteristic, over which 
the amplification is practically constant. This amplification 
depends on the opening of the first orifice, and may be as high as 
100,000. 

Two pieces of apparatus will be described for measuring, re- 
spectively, the elongation and lateral contraction of a tensile 
specimen of 3.45 mm diam and 25 mm gage length. 

The first apparatus measures mechanically the mean of the 
elongations of two fibers diametrically opposite to each other; 
this quantity is first reduced mechanically by a small factor, and 
then amplified pneumatically by a large factor, so that the total 
resultant amplification is more than 7000. On a gage length of 
25 mm the sensitivity of the device is equal to that of a Mar- 
tens’ extensometer of 100 mm gage length. It is light (38 


grams), is capable of executing rapid motions, and has a great 
fidelity of reading. 
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In the second device a pair of elastic pincers is applied to the 
specimen on two diametrically opposite points. The lateral 
contraction is first multiplied mechanically by a factor two, and 
then amplified pneumatically. The resultant total amplification 
is more than 130,000 so that the lateral contraction and the elon- 
gation are shown by displacements of the same order of magni- 
tude. The apparatus is light (14 grams), reliable, and capable of 
quick motions, though somewhat more delicate than the first 
one. The two devices can be used simultaneously. 


J. P. DEN HARTOG, Cambridge, Mass. 


Theory of a Dynamic Flexible Coupling 


For THE connection between an internal-combustion engine 

and a shaft which it is desired to drive without torsional 
vibration, flexible couplings have long been used. In order to 
bring the running speed of such a system below the lowest criti- 
cal speed, these couplings must be extremely flexible, and this 
causes constructional difficulties and high stresses in the spring 
material. It has been proposed to eliminate the spring and re- 
place it by a dynamic device. Mount a pendulum on the driving 
shaft to swing in the plane of rotation and to pivot about a point 
not coinciding with the center of rotation. The centrifugal field 
will tend to put this penduium in a radial position. Connect 
another point of this pendulum (farther away from the center 
than the pivot point) through a link to a disk on the driven shaft. 
For each constant torque transmitted, the dynamic-equilibrium 
position of the pendulum will then have a certain inclination 
with respect to the radial direction, which inclination increases 
with the transmitted constant torque. If now the driving shaft 
is subjected to a torsional oscillation a sin nwt (where w is the 
angular speed of the shaft and n the “order” of vibration), then 
the oscillation in the driven shaft will be 6 sin nwt. The trans- 
mission ratio 6/a has been found to be 


where A and B are forms depending on the dimensions of the de- 
vice. This expression is independent of the speed of rotation. 
By mechanical design it is possible to make B so that resonance 
occurs when n < 3/2, and A so that, for a certain (bad) order n, 
no transmission occurs at all. This general formula remains 
true for a number of mechanical modifications of the system. It 
has been verified by experiment. 


Pu. DEYMIE, Paris, France 


Propagation of an Elongated Wave 
(French) 


Tas PAPER considers the hydraulic flow in a channel 

caused by a sudden influx of extraneous water, i.e., discharge 
from a factory or from a lock. We start from the general 
equations of nonpermanent flow in a channel of large rectangular 
section of which an element one meter Jong is considered 


I = bU*/H + UdU/gds + dU/gdt 
dH/dt + dUH/ds = 


in which J is the slope of the water surface, U the mean velocity, 
H the depth, Q the flow per second, s the abscissa of the cross 
section, and ¢ the time. It is found that if the original flow is 
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uniform, of depth ho, speed wo, flow qo, the velocity of the wave 
front is uo + (gho)'/*,. More generally the discontinuities of the 
derivatives of H and Q propagate with a speed U + (gH)'/?, 
Now substitute into the general equations 


U=wtu H=h+h, andQ=qm+q 


in which u, h, and q are so small that their higher powers as 
well as their products with their derivatives are to be neglected. 
The general equation then is 

d’q d’q 2ig dq 

ho — — + 3g 

with a similar equation in terms of h. The initial conditions of 
the problem are: s = 0; g = qo(t) and ¢ = 0; q = 0, which 
are not the same as those of Cauchy. By applying the method 
of Riemann-Hadamard the following solution for the propaga- 
tion in the down-stream direction results 


s\ —a 2V(gho) 
q = % ¢ se X 


Ho gho — uo? 
t — (s/o) 
dJy 
d 
f qolé dy 


where Jo = Jo -4ed is the Bessel function of zero order 
A = y) 


1?(4gho — (gho Uo’) 


y = tg/uo + tuo/2he 

6 = 1/2ho 


Ho = Uo + V (gho) 
and a = y/uo-— 4. 


This expression for qg, as well as the similar expression for h, 
suffices for the study of propagation and decay of a wave. Com- 
parison with experiments on the Seine River shows satisfactory 
agreement. 


H. DICKMANN, Berlin, Germany 


Wave Resistance of a Propeller and Interac- 
tion With Ships’ Waves 


(German) 


OR AN IDEAL propeller, with constant pressure difference 

over the propeller area, the solution of Euler’s equations by 
Oseen’s method of iteration (carried as far as the second step) 
shows the inflow to be equivalent+to the flow produced by a uni- 
form distribution of sinks over the propeller disk. For moderate 
thrust loadings, the boundary values of the velocity at the disk 
agree well with the values of the simple momentum theory, which 
can be readily calculated only at the disk. At some distance, the 
inflow pattern ahead and on the side of the propeller is well repre- 
sented by that of a single sink at the center of the propeller. 
This fact is used for the solution of the problem of the waves of 
propellers in water. 

A wave resistance of propellers arises from the loss of thrust 
caused by wave formation at the water surface. Besides a citation 
of the exact integral expression for small depth of immersion and 
arbitrary thrust distribution, the wave resistance for larger 
depths is given explicitly and represented by Bessel functions and 
graphs. It is shown that ordinary depths of immersion (about 
equal to the propeller diameter) may be regarded as “‘arger’”’ and 
that the thrust diminution can be neglected in practice. 
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In connection with the interaction with ship waves, it is first 
proved that the wave depression caused by a propeller behind a 
ship has practically no influence on the ship’s wave resistance, 
and thus leaves the required propeller thrust unaffected. The 
actual interference between the wave systems of the ship and of 
the propeller are then traced back to the wave wake. Besides 
the integral equation for arbitrary thrust and wake-velocity 
distribution, there is finally given the simplified example of 
constant wake velocity, which illustrates the basic effects in- 
volved. It is then found that the interference of the propeller 
waves with the ship waves is of some importance, although the 
propeller waves, as seen before, have generally but an impercepti- 
ble effect on the thrust. In particular, it is shown that the 
arrangement of a propeller under the crest of a ship wave im- 
proves the propulsion in a manner given quantitatively by simple 
formulas. These formulas are made plausible by elementary 
considerations and may be regarded as confirmed and assured 
through checks with Japanese data (which are not produced in 
detail). 


L. H. DONNELL, Akron, Ohio 
A Discussion of Thin-Shell Theory 


TTHE DISCUSSION is confined for simplicity to circular 
cylinders, but applies in principle to the general case. 

In certain minor particulars the theory established by Love 
and others seems confusing in reasoning and questionable. 
Thus the relation between changes of angle between faces of an 
element and changes of curvature is not always clear. If z and 
s are longitudinal and circumferential coordinates, e, and «, the 
corresponding strains, and u, v, and w the longitudinal, cireum- 
ferential, and radial displacements, the change of angle about a 
longitudinal axis, of longitudinal edges of an element, is 


1 Ov 
6 = — + - ds 
Os? r Os 


However the change in curvature is 


ds ds 
+ 3 


r l r 


ds(1 + ( ov =) 
ds{1+—-—- 
Os r 


Similarly the angle of circumferential edges about a radial axis 
would seem to be 


w 


Os? r2 


ds = instead of —. 
Os Oxds Ox? 


The conventional method of studying plate-stability problems, 
by considering the forces before buckling with the deformations 
afterward, seems to lead to confusing conclusions regarding the 
influence of the change in width or length (or logically the thick- 
ness) of elements on the effect of the primary buckling forces. 
By considering deformations only both before and after buckling, 
all parts of the problem are considered simultaneously with 
greater clarity. 

It is shown to be practicable to eliminate the displacements 
u and v from the general equations of equilibrium and reduce the 
problem to the solution of a single reasonably simple differential 
equation of the eighth order in w. This enables the relative im- 
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portance of the almost unlimited number of terms introduced by 
curvature to be accurately gaged, and reduces the problem to 
somewhere near the simplicity of the problem of flat sheets. 


JULES DRACH, Paris, France 


On the Plane Motion of Elastic Fluids 
(French) 


HE STUDY of the motion of elastic fluids is given by a 

partial differential equation of which only cases of a single 
dimension (the spherical waves of acoustics or the rectilinear 
motion of gases, Riemann, Hadamard) have been completely 
discussed until now. 

In this paper we study the steady-state motion in which the 
velocities parallel to a fixed plane are independent of the distance 
from that plane. If the fluid is of constant temperature, fol- 
lowing the law of a perfect gas, a velocity potential ¢ can be 
assumed, leading to the equation 

Ox? oy? Ox? Or Oy 


The author has succeeded in transforming this equation, and in 
reducing it to quadratures. Its Cauchy characteristics are real 
or imaginary, depending on whether the steady velocity at the 
point z, y is, or is not, greater than the velocity of sound @ in 
the fluid. This corresponds to two different domains which are 
of practical importance, as, for instance, in the theory of steam 
turbines and in the motions of projectiles, where fluid motions 
occur with velocities greater than that of sound. 

By the introduction of the characteristic variables, the equa- 
tion is transformed into a simple linear form 


du dv du 
in which 


H 
5 + v) = 


This equation is integrated by a generalized method employed 
by Riemann for the rectilinear motions of a gas where u and v 
are real. It is also integrated for imaginary characteristics by 
another method. The theory leads to definite conclusions, in 
particular for simple cases in connection with steam turbines. 


C. S. DRAPER, P. M. MORSE, Cambridge, Mass. 


Acoustical Analysis of the Pressure Waves 
Accompanying Detonation in the Internal- 
Combustion Engine 


ETONATION in the internal-combustion engine is charac- 
terized by a sudden local increase in pressure in some part 
of the charge, which is followed by intense pressure waves within 
the combustion chamber. High-speed pressure recorders have 
consistently shown that the frequencies of these waves agree 
with those predicted by the ordinary acoustical theory. Re- 
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cently simultaneous records have been taken of pressure fluctua- 
tions in different parts of the chamber. Theoretical analysis of 
the transient conditions produced by the detonation impulse 
indicates that these records can be used to determine the spatial 
distribution of the initial disturbance. Relative amplitudes of 
the various modes of vibration make it possible to estimate the 
spread of the initial disturbance; and their relative phases on 
the separate records locate approximately its position in the 
chamber. Analyses have been made for simple cylindrical and 
hemispherical combustion chambers and have been applied to 
engine records for chambers of both types. 


H. L. DRYDEN, Washington, D. C. 


Turbulence Investigations at the National 
Bureau of Standards 


URBULENCE investigations conducted at the National 
Bureau of Standards with the cooperation and financial 
assistance of the National Advisory Committee for Aeronautics 
have been directed toward the three following aspects of the gen- 
eral turbulence problem: 

1 The properties of the approximately isotropic turbulence 
existing in the air streams of wind tunnels. 

2 The effect of this approximately isotropic turbulence of the 
air stream on the flow within boundary layers. 

3 The properties of the nonisotropic turbulence in the ap- 
proximately two-dimensional flow in the boundary layer of a 
plate. 

With respect to isotropic turbulence, methods have been de- 
veloped and continuously improved to measure the intensity and 
scale, and the “‘spectral’’ distribution of intensity with frequency. 
The decay has been studied and incidental work has been done 
on methods of increasing and decreasing the intensity and the 
scale. A theory of isotropic turbulence has been developed based 
on a “normal spectrum” determined by the law of dissipation. 
Recent measurements of the spectrum and its change with time 
have shown that this theory is not a useful one. There is a con- 
tinual transfer of energy from low to high frequencies, so that 
the dissipation at a particular frequency is not an independent 
process. The spectrum has the character of that due to a chance 
fluctuation except that the correlation between the fluctuations 
at two given instants increases as the time interval decreases. 

The second aspect of the turbulence problem forms the subject 
of another communication to the Congress by Dr. Schubauer. 

Measurements are in progress on the u, v, and w components 
of the turbulent fluctuations in the boundary layer of a plate. 
The u component is being measured by the usual means and the 
v and w components by the method of thermal diffusion. Dr. 
Skramstad has devised a simple method of measuring the shear- 
ing stress pu’v’. 


P. DUPONT, Paris, France 


Vibrations of Airplane Wings 
(French) 


‘THE PAPER discusses the steady-state vibrations of airplane 

wings in the wind. The vibrations are determined by three 
linear differential equations of the second order with all their 
coefficients of euch kind (inertia, elastic and aerodynamic stiff- 
ness, and internal and aerodynamic damping) and six coupling 
coefficients of each kind. First a partial system, with two 
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degrees of freedom is considered; and for no wind velocity there 
are two natural periods. Plotted on the X-axis are the squares 
of these periods with the origin and scale so chosen that for no 
wind velocity these periods are represented by the points +1. 
The Y-axis represents the squares of the wave lengths V?7? with 
a unit of speed depending on the speed of static instability. 
Then the radius vector issuing from the origin O represents the 
velocity. The solution for this two-degree system is found first 
without damping. The periods in the wind lie on the hyperbola 
Hz (in exceptional cases a circle) determined by the equation 


Hy, = X*— Y? + 2h8Y — 1 =0 


in which the only parameter is the ordinate of the center h. 
The critical velocities are given by the tangents to this curve 
passing through the origin O. With a third coordinate Z the 
hyperbolical paraboloid 


is the surface that embraces all two-degree systems that are 
distinguished by different horizontal cross sections and a dis- 
placement of the X-axis. 

In order to consider the internal and aerodynamic damping a 
family of straight lines is determined of which each corresponds 
to a value of V, and a hyperbola close to Hix. Now we find the 
straight line D, that intersects the hyperbola in a point giving 
the same value for V. For airplane wings generally this point 
is close to that found without damping. 

The method is generalized for three-degree systems. The 
two-degree system 12 separately gives a hyperbola Hj. of the 
same family as the previous one while the remaining single- 
degree system is a skew straight line A;’. The ensemble of 
three-degree systems is represented in three dimensions by a third- 
degree surface with two parameters 


ZX" Y” + + Y" 4 M' =0 


The undamped periods are given by the intersection of this 
surface and the skew plane Z’ = A,’ giving a cubic curve. The 
tangents drawn from the origin to this curve define one or three 
critical speeds. In case of damping, an approximate method 
analogous to the preceding one gives a straight line D, correspond- 
ing toaspeed V. This line is the axis of a “damping hyperbola” 
which intersects the cubic curve in the critical points. 


KARL FEDERHOFER, Graz, Germany 


On the Free Vibrations of Conical, Spherical, 
and Cylindrical Shells 


(German) 


HE STATE of vibration is determined by the three displace- 
ments u, v, and w (notation after Love). 
(a) Conical Shells. The following expressions are valid in 
case of elastic vibrations 


u=ZA,cosnd, 9 = 4, + Ba) sin n¢, 
n n Cos @ 
2n? nB,8 
w= ctn a — — A, + cos nd, 
n sin 2a sina 
(n = 2, 3....) 


Here a is the base angle of the cone, s is the distance from the apex 
to any point P of the middle surface, measured along the gener- 
ator, ¢ is the angle made by the meridian plane through P with 3 
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zero plane. A, and B, can be considered as general coordinates 
of the vibration problem. The appropriate Langrange equations 
finally lead to two homogeneous linear equations for A, and B,,. 
If the determinant of the coefficients of these equations is set 
equal to zero the frequency equation is obtained. In contrast 
to the cylindrical shell for which vibrations, characterized by 
different values of A, or B,, can be calculated independently of 
each other (A, and B, are principal coordinates), A,, and B, for 
the conical shell do not represent principal coordinates. In the 
case of a conical shell with two free circular boundaries, the 
dependence of the frequency on po (the ratio of the radii of the 
boundary circles) and on @ is numerically determined and pre- 
sented in diagrams and tables. 

The case of a conical shell having an apex cannot be treated by 
the theory of elastic vibrations. The complete vibration theory 
of the conical shell has therefore been developed, without neglect 
of the lengthwise forees and bending moments. This theory 
leads to three simultaneous differential equations for the dis- 
placements u, v, and w which, however, do not lend themselves 
to explicit integration. For the conical shell with apex, clamped 
at the boundaries, an approximate solution is given by the 
method of Ritz. 

(b) Spherical Shells. The complete theory of vibrations of a 
spherical shell is presented, and it is shown that: (1) The three 
complicated differential equations for the displacement compo- 
nents u, v, and w can be brought into a very inclusive form by use 
of the results of van der Neut; and (2) the solution of the problem 
can be reduced to that of the differential equation of spherical 
harmonics. 

(c) Cylindrical Shells. For the axisymmetrical free vibrations, 
the influence of the support of the shell boundaries (simply sup- 
ported, clamped) on the frequencies is determined by solution of 
the exact-frequency equations, and presented in diagrams and 
tables for different ratios of shell length to diameter. 
investigation by H. Egger in Graz.) 


(From an 


N. V. FEODOROFF, see BAKHMETEFF 


A. FREUDENTHAL, see REINER 


M. M. FROCHT, Pittsburgh, Pa. 


On the Optical Determination of Isopachic 
Stress Patterns 


"THIS PAPER reports the progress made by the author with 

the optical method for the determination of isopachic curves, 
since the publication, in 1933, of preliminary work on the sub- 
ject in the Journal of the Franklin Institute. 

The object of this method is to obtain stress patterns from 
which can be determined the sum of the principal stresses at a 
point, analogous to the stress patterns obtained photoelastically, 
from which can be determined the difference of the principal 
stresses. The two stress patterns provide a complete optical 
solution of two-dimensional problems. 

The method is based upon the fact that a flat surface becomes 
distorted under strain and that contours of the distorted surface 
manifest themselves as interference fringes when the strained 
surface is viewed through a suitable datum plane. Further- 
more, in two-dimensional problems, these contours or isopachic 
curves (points of equal thickness) represent loci of points along 
which the sum of the principal stresses is constant. 

Specifically there are described improvements in the equip- 
ment, the technique, new applications, and an increased scope. 
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The stresses in a steel ring with an outside diameter equal to 
twice the inside diameter and subjected to concentrated diame- 
tral loads are investigated. A stress pattern of the isopachic 
curves is obtained optically from the surface of the steel disk. 
The boundary stresses obtained from the isopachic curves are 
compared with those from a photoelastic stress pattern of a bake- 
lite ring of similar dimensions. 

From the two stress patterns, the one giving (p — q) and ob- 
tained photoelastically, the other giving (p + q) and obtained 
from the surface of the steel model, complete distributions of 
principal stresses as well as normal and shear stresses are deter- 
mined across several sections. The results are checked by the 
laws of equilibrium and compared with those from the mathe- 
matical theory of elasticity. 

The paper further describes a technique for the extension of 
the new method to nonsymmetrical cases of two-dimensional 
problems. Stress patterns of isopachic curves of a glass disk 
under diametral compression are also shown. 


SIEGMUND FUCHS, Lwow, Poland 


A Simple Experimental Method for Finding 
the Transition Point of the Boundary Layer 
on Airfoils 


(German) 


O FIND the point of transition between the laminar and 

turbulent boundary layer some form of pitot. tube has 
usually been employed. These methods give only point read- 
ings, and there is no possibility of obtaining a simultaneous 
reading along the entire chord. This paper deals with a method 
whereby lycopodium powder is distributed along the entire 
chord of a wing. In the laminar part of the boundary layer 
the powder is blown away down to the top of the layer, whereas 
in a turbulent layer the mixing motion of the air takes the 
powder away practically completely. In this way the region 
of transition is clearly indicated, and it was found that the 
laminar layer disappears gradually, in the form of a wedge. 
The Reynolds number, determining this transition, is taken 
with the length z from the front of the wing to the point of 
transition: R, = vz/v, where v is the undisturbed velocity. 
Wind-tunnel tests on a series of profiles with two-dimensional 
flow gave a mean value R, = 140,000. At the same time we 
found R = év/y = 1700 where 6 is the measured thickness of 
the layer of powder just before its wedge-shaped end. The 
value of the usual ratio Rs/./R,, therefore, is about 4.54. The 
curves z/t = f(1/R) (in which R = vt/v and ¢ is the chord), 
show a peculiarity near the maximum thickness of the profile. 
There z suddenly becomes smaller with increased R and stays 
nearly constant with further increase of R. For values of z in 
the rear part of the profile, the curve is nearly straight, i.e., 
xv = const. On the vacuum side z increases with a decreasing 
angle of attack, whereas on the pressure side the situation is 
opposite. With increasing R, x becomes smaller on both sides 
so that the point of transition moves forward. For z/t = 0.2 
all curves x/t = f(1/R) practically coincide for various angles 
of attack. For instance, if we consider the value of R for z/t = 
0.4 as the critical value, then we find as an average for the 
profiles tested R,, = 300,000 which value, of course, depends 
on the degree of turbulence in the wind tunnel. Analogous 
experiments on spherical and airship shapes have shown similar 
peculiarities, i.e., the curves z/l = f(1/R) (in which l is the 
length along the surface) would dip down for certain values of 
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R. It was noted that for a sphere the dip in the curve occurred 
at the same value of R as the R,, obtained from turbulence 
measurements. 


I. E. GARRICK, Langley Field, Va. 


On Some Fourier Transforms in the Theory 
of Nonstationary Flows 


HE GROWTH of lift on an airfoil starting impulsively from 

rest to a uniform velocity has been given by Wagner (1925). 
Phe steady-state lift due to circulation on an airfoil oscillating 
sinusoidally and moving with uniform velocity has been given by 
Theodorsen (1934). 

The present paper, based essentially on the material of 
N.A.C.A. Report No. 629 by the author, discusses some recipro- 
cal relations of the nature of Fourier transforms existing between 
the functions of Wagner and Theodorsen. Kiissner (1936) has al- 
ready shown that Wagner’s function may be derived from Theo- 
dorsen’s function. By means of a superposition principle it is 
possible to utilize these fundamental functions to treat general 
problems in transient (nonstationary) hydrodynamic flows. A 
simple expression, accurate to within 2 per cent, is given for 
Wagner’s function. This expression leads to a good approximate 
expression for Theodorsen’s function in terms of the exponential 
integral, instead of Hankel functions. An analogy is drawn be- 
tween transient hydrodynamic flows and transient electrical 
flows. 


KARL GIRKMANN, Vienna, Germany 
Web Buckling Caused by Local Application of 


Forces 


(German) 


HEET-METAL beams, such as those of traveling cranes, 
are sometimes loaded at the flanges between normal stiff- 
eners. A report on an investigation of the stability of the webs 
of beams loaded in this fashion has been given previously for 
beams without longitudinal stiffeners and with limited ratios of the 
side lengths of the webs. A practical problem, installation of the 
reinforcing beam of the Vienna chain bridge across the Danube, 
gave the impetus for the following investigation on a double 
walled beam with a lengthwise diaphragm halfway up. 

First is determined the distribution of the concentrated load 
through the stiff flange. The solution of this part of the problem 
is approximate. The flange is considered as a beam of constant 
cross section, elastically supported by the web edges; the web is 
treated as a sheet. The part played by the normal stiffeners in 
the load distribution is taken into consideration approximately. 

Then follows the calculation of the web stresses. The bending 
stresses are computed in an elementary way. Of the stresses 
which are due to the local action of the load and which are deter- 
mined by Airy’s stress function for the web sheet, only the normal 
stresses acting perpendicular to the beam axis are taken into 
consideration. The influence of the shear stresses is neglected. 

For the stability calculation it is assumed that flanges and 
stiffeners are stiff perpendicular to the plane of the web, that the 
loaded flange is stiff in torsion, and that the plane web sheet is 
clamped at the flange and freely supported at the vertical stiffen- 
ers. The stability limit is obtained by the energy method. 
For the deflection an approximation is used, the constants of 
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which are determined from the variation in the state of deforma- 
tion. 

For comparison the stability limit of a plate all edges of which 
are freely supported is also determined. 


J. N. GOODIER, Toronto, Canada 


On the Theory of Dislocations and an Applica- 
tion to the Plane-Stress Problem of a System 
of Forces Acting at a Hole 


EVERAL fundamental theorems concerning dislocations, 
states of continuous strain but discontinuous displacement 
in multiply connected solids, have been established by Wein- 
garten and Volterra, chiefly by means of integral formulas for 
displacement in terms of small strain. In this paper the subject 
is treated from a different point of view which leads to simpler 
proofs of these theorems, extends their scope, and also leads to 
certain results apparently new. It is shown that a dislocation 
must arise from the joining of two adjacent faces after a relative 
rigid-body displacement, even if the strain is not small; that the 
state of strain is uniquely determined by this relative displace- 
ment; that the form and position of the faces are immaterial so 
long as two alternative configurations cut free the material 
between them, a condition more general than that of reconcila- 
bility within the body. In a solid of connectivity n, cuts of 
n — 1 kinds are required to make the solid singly connected. 
But there will be n(n — 1)/2 possible kinds. Thus, the dis- 
locations associated with all these must be expressible in terms 
of the n — 1 independent dislocations, and the nature of the 
interdependence is investigated. 

A vector representation of dislocations is shown to be possible, 
and is employed in the solution of a problem of plane stress, 
namely that of a system of forces acting at a hole. A complete 
solution in finite terms is found for any system of forces at a 
circular hole, and in particular for a single force, and for two 
diametrically opposite normal forces. 


R. GRAMMEL, Stuttgart, Germany 
A New Method for the Solution of Character- 


istic-Value Problems 
(German) 


N THE solution of characteristic-value problems the appropri- 
ate integral equations are used, to obtain lower limits of the 
characteristic values, while the appropriate variation principle 
(method of Rayleigh and Ritz) or, essentially equivalent to this, 
the appropriate differential equation (Galerkin’s method) is used 
to obtain upper limits. A new and efficacious method results if 
the integral equation, instead of the differential equation, is used 
to obtain upper limits for \. If (as an example for a single 
variable) 


) = y(z) S Ge, = 0 


n 
is the integral equation of the problem, and y(x) = Lajn,(x) is a 
1 


Ritz’s expression with coordinate functions 7; which need only to 
satisfy the geometrical boundary conditions of the problem, one 
sets up the system 
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a; m(z)dx = 0, (k = 1,2,...n). ..[1] 


The smallest root \ of the determinant of this system is then an 
upper limit for the lowest characteristic value \,. 

One proves this with the help of the appropriate variational 
principle (for steady vibrations for instance, Hamilton’s principle) 
by carrying through the variation and iterating once, in a way 
determined by the appropriate Euler equation and the equivalent 
integral equation. 

The solution [1] is analogous to Galerkin’s and thus also to 
Ritz’s, but it has several advantages over them: First, it always 
yields for the same initial function a smaller and hence a better 
upper limit for \; (and generally a much more accurate one); 
secondly, the system is, as a rule easier to set up than either 
Ritz’s or Galerkin’s, because the integrals occurring in it are ex- 
plainable in terms of energies and can, therefore, without explicit 
knowledge of the Green function G(x, §) of the problem, be 
evaluated by simple Mohr’s constructions. 

Technical examples (vibrations of steam-turbine blades, pro- 
pellers, plates, and rotating disks) are given, as wel! as certain 
generalizations. 


M. GREENSPAN, see STANG 


EUGENE GUTH, South Bend, Ind. 


On the Hydrodynamical Theory of the 
Viscosity of Suspensions 


INSTEIN in his thesis, 1906, developed a theory of the 

viscosity of a suspension of spherical particles. He calcu- 
lated the disturbance which a spherical particle causes in a 
Couette flow of a viscous fluid. From the energy dissipated, 
he derived an equation connecting the viscosity mo of the solvent, 
with the viscosity » of the suspension, the total volume v of the 
suspended particles, and the total volume V of the suspension. 
Dimensional analysis leads, for particles of an ellipsoidal shape 
having the length / and the breadth b, to the expression 


2 


f; and fz depend on the ratio r = 1/b, and can be only obtained 
by intricate hydrodynamical calculations. The author and his 
associates investigated the foundations of Einstein’s theory and 
extended it systematically in different directions. Experiments 
with mode] suspensions (glass spheres and the like) were also 
conducted for testing the formulas obtained. For spheres, fi 
and fo... are pure numbers. Einstein obtained f; = 2.5. In 
order to obtain f, the author and his associates took into account 
the mutual disturbance caused by a pair of particles in a Couette 
flow. This has been done by a special adaptation of the method 
of reflections, first introduced by H. A. Lorentz for taking into 
account the influence of walls on Stokes’ law. Einstein’s theory 
was extended for a Poiseuille flow. The influence of walls and 
of the inertia terms was also considered. Generally for ellip- 
soids, f:(r) and f(r) depend on the orientation of the suspended 
particles. Only for a pure dilatational flow an unambiguous re- 
sult holds. For small suspended particles the influence of the 
Brownian movement of the axis of the particles was considered. 
A comparison of some of the theoretical results with the experi- 
ments was made. The results are applicable to solutions of 
high-molecular substances. 


A-109 
MAYO D. HERSEY, Philadelphia, Pa. 
Thermal Equilibrium in Journal Bearings 


"THE HYDRODYNAMIC theory of lubrication presupposes 
a knowledge of the viscosity of the film. Methods of calcu- 
lating the equilibrium temperature for this purpose have been 
proposed by the author and other investigators in various publi- 
cations. The present paper undertakes to summarize the prin- 
ciples available and to illustrate them by new applications, 
including (1) the full bearing cooled by oil circulation, (2) partial 
bearings, and (3) air-lubricated journal bearings. Our study is 
limited to conditions under which the film may be treated to a 
sufficient approximation as having a uniform temperature. 

The results are restricted in their immediate utility by the 
scarcity of experimental values for the heat-transfer constants. 
It is hoped that sufficient interest may be awakened in the 
problem to encourage further research. Little work has been 
done aiming directly at this problem since the investigations of 
Lasche, 1903, and of Karelitz, 1930. Presumably the experi- 
ments might, to a limited extent, be conducted on models in 
which the oil film is replaced by an electric heating coil. Even 
in the case of air-cooled bearings the constants sought may be 
expected to be influenced by a large number of variables, 
including the geometry of the bearing and housing, the thermal 
properties of the materials, and the motion of the surrounding 
air. 

The general solution for the temperature elevation 7 and 
effective viscosity Z under steady running conditions involves 
the analytical or graphical solution of the two simultaneous 
equations 


F\(T,Z) = F.(Z,T) and Z = f,(T) 


The cooling function F; is to be found from heat-transfer experi- 
ments on the bearing as a whole; the friction function F, is 
usually obtainable from hydrodynamic theory, while f; corre- 
sponds to the viscosity-temperature curve for the lubricant. In 
the case of a full bearing supplied with a lubricant characterized 
by the viscosity function f;(7) = a/(T + To)", and operating 
with negligible thermal expansion at a speed high enough to 
satisfy Petroff’s law F.(Z,T) = f2(Z) = BZ, the heat-transfer 
rate due to oil circulation might be expressed by A(T — T,)/Z8, 
while the heat loss to the atmosphere is given by Ao7’; so that 
F\(Z,T) is the sum of the two expressions. Under special 
conditions, analytical solutions are possible for 7 in terms of 
the constants A, Ao, B, T,;, To, a, n, 8, and soon. The paper con- 
tinues with the mathematical formulation and symbolic solution 
of typical problems of this kind, thus indicating the use which 
can be made of future heat-transfer data. 


MIKLOS HETENYYI, Pittsburgh, Pa. 


Photoelastic Studies of Three-Dimensional 
Stress Problems 


‘TEST PIECES of synthetic resins (Bakelite, Marblette) 
exhibit some remarkable properties after being annealed in 

a loaded condition. When the annealing is finished and the 
loading is removed one finds that though the piece is permanently 
deformed, it exhibits in polarized light a fringe pattern corre- 
sponding to an elastic state of stress. Furthermore, cutting or 
slicing the piece does not disturb the fringes and the original 
pattern is preserved in every portion cut out of the original piece. 
These observations evidently indicate a method of investi- 
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gating three-dimensional states of stress distribution. Thin 
slices cut out of any three-dimensional test piece, that has been 
annealed under load, will show then in polarized light the stress 
condition existing in the original sample in the corresponding 
plane. 

Some of the phenomena on which this method is based were 
observed by James Clerk Maxwell as early as 1850. In recent 
years experiments of this kind have been made by Solakian in 
the United States and by Oppel, Hiltscher, and Kuske in Ger- 
many. 

The present paper aims to lay a quantitative basis for this 
new method and to establish its technique with Bakelite. A 
study has been made of the properties of Bakelite at elevated 
temperatures, the results of which, together with the current 
theory of the molecular structure of synthetic resins, yield a 
satisfactory explanation of the phenomena observed in the tests. 
Several examples are given illustrating the fundamentals of the 
method which is then applied to various three-dimensional 
problems of bending and torsion of bars. 


D. L. HOLL, Ames, Iowa 
Thin Plates on Elastic Foundations 


[t IS ASSUMED that a thin plate rests upon a subgrade or 

foundation, the properties of which areknown. The elastic- 
influence function k(s) is known and gives the deflection of the 
surface at a point due to a unit load at a distance s. The plate 
deflections are considered to be such that the elementary thin- 
plate theory is applicable. Only normal loads are applied to 
the top surface of the plate and the subgrade reacts normally 
on the lower surface. 

Infinite Plate Azially Symmetric. It is assumed that the plate 
maintains contact with the foundation. The deflection of the 
plate due to a surface load po(p) is given by the integrodifferen- 
tial equation 


w(r) = 2x K(r, p) (pole) — N Atw(p) lo dp.... [1] 


where K(r,p) is the influence function for an elemental ring 
load. The solution is 


(r) = 4, a Po(a) Ko(a) Jo(ar) da 12) 
wr) = N wt Ko(a) 


where Py and Ko are Fourier transforms of the loading and in- 
fluence functions. The problem of Hertz for a yielding surface 
(Hooke’s law) is obtained if Ko(a) is 1/k. When Ko(a) is 
N,/a the cases of an elastic isotropic or cylindrical anisotropic 
subgrade (N, contains the elastic moduli) are obtained. The 
case of plane strain (an infinite beam) is obtained as a special 
case of superposition. 

The maximum deflections for various ratios of E/E, (plate 
modulus/subgrade modulus) are checked against a more rigorous 
three-dimensional theory and show excellent agreement. On 
this basis the maximum stresses at the center of the plate under 
a concentrated load are calculated for finite values instead of 
infinite values as indicated by the elementary theory. 

Finite Plate. By superposing additional independent solu- 
tions the finite circular plate may be treated when the constants 
are determined to fit the free-edge conditions. For a point load 
a value is found which determines the radius of the pressure- 
reaction area. For an angular infinite sector a double integral 
of the type of Equation [1] is given. 
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LUDWIG HOPF, Aachen, Germany 


Turbulence and Small Vibrations 


(German) 


F ONE DIVIDES the flow of a viscous fluid into a main flow 
which usually has only one component U and an additional 
motion (u, v), of which the square can be neglected, one obtains a 
linear homogeneous differential equation. Assuming the addi- 
tional motions to be periodic in the mean-flow direction (e'**) and 
in the time (e'*), the homogeneous boundary conditions lead, as 
is known, to a secular equation determining 8 and with it the 
time development of the superimposed motion. 
Three different interpretations of these equations are possible: 


1 If U alone is a possible laminar flow (Poiseuille) the imagi- 
nary part of 8 determines the stability of the flow with respect 
to small vibrations. 

2 If U alone does not satisfy the hydrodynamic equations then 
the main flow may be considered a finite deviation from equi- 
librium; a slow change of the flow with time will lead to laminar 
flow. The imaginary part of 8 determines the stability of the 
laminar flow with respect to finite disturbances. 

3 If U represents the time average of the turbulent fiow a 
steady equilibrium is only possible with 8 real. 


The mathematical problem is entirely solved for linear distri- 
bution of U, i.e., for U ~ y and also for U ~ y' witha = 8 = 
0. It was attacked in its general form by Heisenberg and Tol- 
mien; however, the main mathematical problem, the continua- 
tion of the asymptotic particular solutions from large positive to 
large negative values of y, was avoided by an unjustified transfer 
from the case U ~ y. The results, therefore, are at least 
questionable. 

Two years ago, the author stated a general method for the 
calculation of the relations of continuation of differential equa- 
tions by means of Cauchy’s integrals regarding the asymptotic 
developments. This method is fairly cumbersome if applied to 
the problem in question. Through suitable selection of particu- 
lar solutions and through the use of a few general rules, it was 
possible to simplify the method to such an extent that the 
secular equation could be written down immediately. Only nu- 
merical difficulties occur depending on the special problem. 

Of the numerical results so far completed the following may 
be stated: 

The transition from viscous to nonviscous fluid flow is the 
transition to an essential singularity, and is, therefore, not 
independent of the direction, given in this case by the azimuth 
of the Reynolds number (R). 

If the Reynolds number is real the value of 8 in general will 
be complex if R — ©, even though the nonviscous equation 
results in a real 8. 


C. E. INGLIS, Cambridge, England 


Mathematical Investigation of the Vertical 
Path of a Wheel Moving Along a Straight 
Railway Track 


HIS MATHEMATICAL investigation, supplemented by 
much experimental work, was undertaken at the instigation 
of the London Midland and Scottish Railway Company, and its 
purpose was to study the manner in which the smooth running of 
a pair of wheels and axle along a straight track is affected by such 
characteristics as the elastic compression of the ballast, the stiff- 
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ness of the rail, and the lack of continuity at a rail joint. 
main conclusions which emerge are as follows: 

Crawl Speeds. Increasing the rigidity of the ballast increases 
the range of vertical movement of a wheel as it passes along a 
continuous length of track, but decreases the depth of the pot- 
hole into which it descends as it traverses a rail joint. Increasing 
the stiffness of the rail, reduces vertical movement of the wheel 
both in continuous track and at a rail joint. 

Dynamic Effects. In running along continuous track the 
synchronous osciJlations induced by periodic sleeper action are 
least when the ballast is most yielding. In traversing a rail joint 
at speed, the depth of the pothole into which a wheel descends is 
greatest when the ballast is soft but a hard ballast will induce 
large vertical accelerations at high speeds. 

An all-round advantage both in smoothness of running along a 
continuous track and in traversing a rail joint can be achieved by 
employing a stiffer rail. 

The investigation also includes a study of the comparative 
merits of long and short fish plates and the deterioration in the 
smoothness of running when a fish plate has ceased to have an 
accurate fit. 


The 


A. T. IPPEN see KNAPP 


E. N. JACOBS, A. E. Von DOENHOFF, Langley 
Field, Va. 


Transition as It Occurs Associated With and 
Following Laminar Separation 


HE TYPE of transition to turbulent flow occurring in the 

free laminar layer after it has become separated from the 
solid surface is considered, after reviewing how this type came 
to be appreciated as particularly important. In connection 
with his interpretation of the critical Reynolds number charac- 
teristics of spheres, Prandtl first pointed out the importance of 
transition in relation to separation. The critical change in the 
flow was, however, considered to be brought about by a forward 
movement of the transition point with increasing Reynolds’ 
number to a position forward of laminar separation. 

The first experiments in the N.A.C.A. smoke-flow tunnel 
showed a forward movement of the transition point behind 
laminar separation, causing finally a partly reestablished flow 
through a spread of the turbulent layer and leaving a localized 
region of separation. The findings were applied to the drag of 
streamline wires but it was not appreciated that this type of 
transition was important except at relatively low Reynolds’ 
numbers. 

The next indication of the importance of the phenomenon was 
the observation by B. M. Jones, during wind-tunnel tests of 
airfoils at high angles of attack, of a similar ‘“‘bubble”’ of dead air 
near the airfoil leading edges. The conclusion that this type of 
transition may persist into the Reynolds number range of usual 
airfoil-model tests led to a basic investigation in the N.A.C.A. 
smoke tunnel. Transition was studied as it occurred in the 
presence of an adverse pressure gradient. The particularly 
significant result was the occurrence of transition, under the 
carefully controlled conditions in this virtually turbulence-free 
tunnel, always behind the point of laminar separation up to the 
highest Reynolds number attainable (Rs = 2600 at the sepa- 
ration point). Calculations showed that this Reynolds-number 
range was appropriate to airfoils at high angles of attack even 
in the full-scale range. This conclusion was later confirmed 
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experimentally at the Laboratory. Local separation Was demon- 
strated on airfoils at full scale by the lampblack method, which 
had been employed earlier by Dryden and Schubauer to indicate 
a similar flow condition on their elliptic-cylinder. 

Finally, recent experiments by B. M. Jones in flight and also 
at the N.A.C.A. laboratories are accumulating experimental 
evidence that the laminar boundary layer may persist against 
adverse pressure gradients sufficient to produce separation and 
to Reynolds’ numbers several times those heretofore considered 
critical for the supposedly more favorable flat plate. 

In conclusion, the paper advances some speculations of a 
quantitative nature concerning the effects of transition as it 
occurs after laminar separation. The resulting calculations lead 
to an estimate of the value of the section maximum lift for an 
airfoil and the critical Reynolds number for a circular cylinder. 


MAX JAKOB, Chicago, III. 


The Influence of Pressure on Heat Transfer in 
Evaporation 


ASED ON a theoretical concept of the process of evapora- 
tion, and on experiments, carried out with water and with 
carbon tetrachloride, boiling at atmospheric pressure, a formula 
for heat transfer in violent evaporation has been derived and 
published by M. Jakob and W. Linke in 1935. The purpose of 
the present paper is to demonstrate how this formula can be in- 
terpreted and modified in order to be applied also to much lower 
and higher pressures. 

In that equation occurred the product of the mean diameter of 
vapor bubbles leaving the heating surface, and of the mean fre- 
quency of the formation of bubbles at any point of that surface. 
This product happened to have the same value for water and 
carbon tetrachloride as shown by stroboscopic and high-speed- 
camera experiments. For nonatmospheric pressure, however, 
it changes; for steam at 1420 lb per sq in. it becomes '/;;th as 
large as at atmospheric pressure, and at 1.8 lb per sq in., 6 times 
larger. Further, the coefficient of heat transfer seems to be 
reciprocal to the 0.8th power of the kinematic viscosity. This 
had not been considered by Jakob and Linke because at atmos- 
pheric pressure and saturation temperature the kinematic vis- 
cosity of water and carbon tetrachloride differ by 10 per cent 
only. 

Thus the coefficient of heat transfer, as calculated by Jakob’s 
and Linke’s formula, is to be multiplied by the factor 


© Ye! — Ye" 0.8 
1.04 


where 
v = the kinematic viscosity of the liquid 
v, = the kinematic viscosity of water at 212 F 
o = the surface tension 
yy’ = the specific weight of the saturated liquid 
yy" = the specific weight of the saturated vapor 


Subscript a relates to atmospheric pressure. 


Considering that the coefficient of heat transfer has been ob- 
served to be about 40 per cent higher for evaporation in tubes 
than on surfaces in wide vessels, the new formula is in satisfac- 
tory agreement with the experimental results, which different 
investigators have obtained with water evaporating at pressures 
between 1.8 and 1420 lb per sq in. 
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R. L. JORDAN, see MOORE 


A. A. KALINSKE, Iowa City, Iowa 


Applications of ite Statistical Theory of 
Turbulence to Hydraulic Problems 


‘THE HYDRAULIC problems in which the statistical theory 
of turbulence, as developed by Taylor and von Karman, 
has widest application are in transportation of suspended material 
and distribution of the energy dissipation in a conduit or stream. 
To characterize turbulence as far as transfer phenomena are 
concerned it is necessary to determine: (1) the intensity of 
turbulence, expressed as \/(v?), where v is the fluctuating-velocity 
component transverse to mean flow, and (2) a length factor I, 
proportional to the mean transverse travel of individual eddies 
before they have the characteristics of point of origin changed. 
The exchange coefficient, which is necessary for computing 
suspended-material distribution is proportional to 1/(v?). For 
energy dissipation it is necessary to obtain the mean-square 


2 
turbulent-velocity-component gradients, such as 
x 


By use of color diffusion and motion-picture photography, 
data were obtained enabling the computation of 4/(v?) and l. 
By photographing a fluctuating-color filament near the point of 
injection into a turbulent stream the transverse velocity fluctua- 
tion v at a point was obtained for an extended period of time. 
A distribution curve was calculated for this fluctuating velocity 
indicating a normal distribution function. 

By use of the mathematical principles developed by Norbert 
Wiener for random functions, a statistical frequency-spectrum 
curve was calculated which indicated the distribution of the 
energy of turbulence for various frequencies in the velocity-time 
graph. By use of this statistical spectrum curve it was possible 


2 
to calculate (~) , and also to obtain the value of the root- 


mean-square frequency \/(n*), which is another important char- 
acteristic of any particular turbulence. It is suggested that a 
length factor A, proportional to the average size of the eddies, 


can be calculated as rea where U is the mean forward veloc- 


Vv (n?) 
ity. Analyses also indicate that the length scale /, characterizing 
(9? 
transfer processes should be proportional to _— where » is 


v 
kinematic viscosity. Calculation of / in this manner is prefer- 
able to using diffusion experiments. 

Data for the excess turbulent energy created in 3-in. X 5-in. 
sudden and gradual expansions in circular conduits are given. 
The turbulent energy at various sections was determined and its 
decay studied. Application of Bernoulli’s theorem to a diverging 
section requires a determination of the energy of turbulence and 
its decay. 


G. B. KARELITZ, New York, N. Y., S. J. NEEDS 
Philadelphia, Pa., B. L. NEWKIRK, Troy, N. Y. 


Notes on the Hydrodynamic Theory of Oil 
Films in Bearings 

{DURING recent years a large amount of work has been 

done in the United States to bring the hydrodynamic 


theory of the oil film to a state where its results could be used 
in bearing design with closer approximation. In line with the 


SEPTEMBER, 1938 
trend toward shorter bearings, the effect of side leakage on the 
performance of the film was investigated. The equation of 
Reynolds 


fa) re) } 
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defying analytical solution was solved for several practical cases 
by means of an electrical analogy, with sufficient accuracy. 
Kingsbury’s observation that the equation of potential in an 
electrolytic bath, with current supplied to its surface is 


re) oe de 
or ( oz ( 


was utilized to construct an experimental model. 

The numerical tables of Boswall, Gimbel, and Howarth were 
extended into the region of high eccentricity, to enable the 
application of the theory to be made to the design of bearings in 
internal-combustion engines. In these bearings, due to the 
heavy loading and comparatively lower speed, the oil-film thick- 
ness is small, and it was necessary to provide numerical data for 
values of eccentricity of from 0.9 to 0.99, lacking in the previous 
investigations. 

In order to fortify, and as result of, the present trend to 
introduce bearings with perfect lubrication in rolling mills, where 
the pressure on the bearings reaches several thousand pounds 
per square inch, the effect of pressure on viscosity of oil was 
further studied. The effect of this phenomenon, quite sub- 
stantial in these bearings, was analyzed analytically, and the 
results explained satisfactorily the observed friction-test data. 

In addition, further work was done on the stability of the oil 
film in high-speed lightly loaded bearings. In order to verify 
further the validity of the hydrodynamic theory at extreme 
conditions, the thickness of film at transition from semifluid to 
fluid lubrication was investigated for different metals in contact. 


GEORGE J. KLEIN, Ottawa, Canada 
An Induced-Angle Calculator 


ITH THIS instrument, the distribution of the induced 

angle along the span of a wing can be obtained graphically 
from the lift distribution. Therefore, by a method of successive 
approximations, the lift distribution for a wing can be found if 
infinite-aspect-ratio data are available for the wing sections 
along the span. The theory on which the instrument is based 
and a graphical method requiring the use of charts were fully 
described by Crean in Aircraft Engineering, February, 1937. 
The instrument replaces the charts and is much more convenient, 
rapid, and accurate. The lift distribution over the semispan is 
divided into n elementary lift distributions by n — 1 lines drawn 
parallel to the semispan axis. If the positions of these lines are 
so chosen that the length of the first is a fixed fraction of the 
semispan, the length of the second, another fixed fraction of 
the semispan, and so on for all the lines, it can be shown that the 
induced angle at a particular point in the span can be expressed 


m= 
where the constants k,, are independent of the lift distribution. 


The variables C.< are simply the distances between 
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adjacent lines. The summation of the n products is performed 
graphically. The calculator is a form of protractor which can 
be set at the angles @,,.. It is used in conjunction with a drafts- 
man’s T square or a drafting machine. Its construction and 
method of operation will be shown at the meeting. Nine pro- 
tractor plates are provided for obtaining @; at nine master 
points in the span. The values of k,, have been taken from 
Crean’s paper mentioned previously in which n = 20. 


R. T. KNAPP, A. T. IPPEN, Pasadena, Calif. 


Curvilinear Flow of Liquid With a Free Surface 
ata Velocity Above That of Wave Propagation 


HIS PAPER presents an analytical method of calculating 

the free surface of liquids constrained to flow at high veloci- 
ties between curved boundaries. It is the result of a series of 
experimental studies of the flow of water in curved channels of 
rectangular cross section. It was found that the conventional 
methods of treating flow around curves in open channels were 
not generally applicable for cases in which the velocity of flow 
was greater than that of the propagation of gravity waves. 
The analysis of the curved flow presented herein is based upon 
the physical similarity between supercritical open-channel flow 
and two-dimensional supersonic flow of compressible fluids 
(ef. Karman, Zeitschrift fiir Angewandte Mathematik und 
Mechanik. UberschallstrO6mung in Gasen iiberkritische 
Strémung in Gerinnen. Band 18, Heft 1, 1938, 49). The 
experimental results are analyzed in comparison with this 
theory. 

One of the most serious problems encountered in handling 
large-scale flows of this type is that, even for moderate rates of 
curvature, high superelevations are encountered. These dis- 
turbances also persist below the curves and thus intensify the 
difficulty of the problem. The analysis here presented not only 
makes it possible to calculate the magnitude and location of these 
disturbances, but also indicates means of reducing or eliminating 
them. Experimental verification of typical applications of such 
treatments is also presented. 


J. J. KOCH, see BIEZENO 


R. P. KROON, W. A. WILLIAMS, Philadelphia, Pa. 


“Spiral” Vibration of Rotating Machinery 


NDER ABNORMAL conditions vibrations occur which 

are caused by unbalance and which vary with time. A 
large percentage of these ‘‘erratic’”’ vibrations are characterized 
by a steady change in amplitude combined with a continuous 
shift in the phase angle between the vibration and the angular 
position of the rotating part. The term “spiral vibrations” has 
been chosen for these phenomena. 

Where synchronous vibrations are found to be a function of 
time, it is essential to ascertain whether the variation is due to 
an alteration in the vibratory system (for example, a variation 
in damping or flexibility) or whether it comes from a shift in 
unbalance of the rotor. 

Genera] rules can be laid down to settle this matter and on 
the basis of these it is found that spiral vibrations must be 
caused by a continuous change in the amount and the location 
of the unbalance of the rotor. A steadily shifting temperature 
distortion of the rotor is indicated and the mechanism of the 
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phenomenon is described in the paper. An analysis is given 
showing the relation between the speed of progression of the 
distortion, the angle of lag, and the rotor dimensions. Also the 
heat input and the amplitude can be correlated. 

A theory of this kind, even if it is approximate, is valuable 
for arriving at a diagnosis of the trouble. At the beginning of 
any investigation of erratic vibration, a number of possible 
explanations usually present themselves. Each of these would 
require considerable effort to verify. - With the theory presented 
in this paper it should be possible to eliminate most of these 
possibilities on the basis that they do not give the correct quanti- 
tative results. The remaining few can then be checked by mak- 
ing such changes in the operating conditions of the equipment 
as will effect the suspected phenomena. 


A. LEE, see BOELTER 


J. M. LESSELLS, C. W. MacGREGOR, Cambridge, 


Mass. 


Certain Phases of the Combined-Stress 
Problem 


MONG the more recent and important investigations on 
the behavior of ductile metals under combined static stress 
at normal temperature may be mentioned those of Lode, Nddai, 
Taylor and Quinney, and Ros and Eichinger. These experi- 
ments, which were confined for the most part to such materials 
as pure copper, pure nickel, aluminum, bronze, and mild steel, 
seem to indicate that the theory of strength corresponding to 
constant energy of distortion coincides the most favorably with 
the test results. 

It is known that this theory does not agree with experiments 
on brittle metals such as cast iron. Further combined-stress 
fatigue tests have been made recently in England by Gough and 
Pollard on mild steel, an alloy steel, and a cast iron in which 
it was found that, although the phenomenon of failure is 
decidedly different in fatigue than for the first yielding, the 
theory of constant energy of distortion seemed to hold for the 
mild steel as in the static case but did not agree very well for 
the alloy steel and cast iron. 

In the light of these results it was felt desirable to extend the 
previous investigations under static stress to include such 
commercial materials as a high-grade alloy steel. Accordingly 
combined static-stress tests were carried out on a nickel-chrome- 
molybdenum steel in two states of heat-treatment. The test 
bars in the form of thin-walled tubes were subjected to the 
effects of internal pressure and axial loading. The internal 
pressure was produced by means of an Amsler pendulum dyna- 
mometer and high-pressure pump of 17,000 lb per sq in. capacity, 
while the axial loading was applied by a 30-ton hydraulic testing 
machine. Certain improved methods were devised for measuring 
the strain and a specially designed lateral extensometer was used 
to measure the lateral strain over a considerable length of the 
hollow test bar. The axial strain was measured by means of a 
Martens’ extensometer. Certain conclusions are advanced as to 
which strength theory can best be applied to such material. 

Studies were also made on the behavior of the various strain 
components in the test bars during plastic flow and of hysteresis 
under combined stress. 

The research is being conducted in the testing-material labora- 
tories of the Massachusetts Institute of Technology and the re- 
sults offered at this time are in the nature of a progress report 
of these studies. 
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S. LEVY, see RAMBERG 


KONRAD LUDWIG, Hannover, Germany 


Deformation of Infinitely Extended Elasti- 
cally Supported Rail Under Influence of Loads 
Moving Horizontally With Constant Velocity 


(German) 


T! MOSHENKO discussed an elastically supported rail, 
™ rigidly supported at two ends, carrying a concentrated load 
moving with constant horizontal velocity. 

The computation of the maximum deflection or the extreme 
bending stresses is, however, complicated if the solution is given 
by the Fourier series. This difficulty can be removed by in- 
creasing indefinitely the rail length between the two rigid sup- 
ports. This special case is not too much idealized since great rail 
lengths are the rule in railroad practice. According to vibration 
studies of Koch the effective rail length is smaller than 7 meters, 
therefore, rails of finite length can frequently be approximated to 
infinite rails. A Fourier series becomes in the limit a Fourier 
integral. The evaluation of this integral gives a wave traveling 
with the horizontal velocity of the load. The profile of the wave 
is independent of the time and consists of two exponentially 
damped sine waves which are always symmetrical with respect 
to the line of action of the instantaneous Joad. This result can 
more readily be determined for an infinite rail than by a limiting 
process from the rail of finite length. Since the normal displace- 
ment depends onJy on the distance from the point of action of 
the load the partial differential equation for the normal deflection 
can be reduced to a total differential equation. 

A further advantage of the infinitely extended rail is the fact 
that the load has then no vertical velocity so that its inertia does 
not influence the motion. 

If the horizontal velocity is equal to zero the deflection for a 
static load results. With increasing horizontal velocity the ratio 
of the deformation energy of the foundation to the bending 
energy decreases from 3 to 1. 


E. E. LUNDQUIST, Langley Field, Va. 


Principles of Moment Distribution Applied to 
Stability of Structural Members 


HE PRINCIPLES of the Cross method of moment 
distribution are used to provide a new approach to the 
solution of problems in the stability of structural members. In 
this method, the properties of each member are expressed by 
the stiffness and carry-over factor, each of which is a function 
of the axial load in the member. With the aid of tables that 
have been prepared (N.A.C.A. Technical Note No. 652), the 
numerical values of the stiffness and carry-over factor can be 
easily obtained for the case in which the far end of the member 
is fixed or pinned. These quantities may then be substituted 
in simple equations that give the stiffness and carry-over factor 
when the far end oi the member is elastically restrained by other 
members beyond that end. By use of these equations, as many 
members of the structure as desired may be assembled into one 
group and the stability of this group of members checked. 
Although the equations of practical interest are algebraic in 
appearance, they are fundamentally transcendental in character 
with the unknown critical load entering in angles. It is there- 
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fore necessary to assume several values of the critical load and to 
test the equations. By the application of methods similar to 
those proposed by Southwell for the analysis of experimental 
observations in problems of elastic stability, it is possible to 
estimate quickly the true critical load after the equations have 
been tested for three assumed critical loads. 

In order to demonstrate the practical use of the method, the 
critical load is calculated for an airplane-fuselage truss. The 
results obtained reveal large deficiencies in the assumptions made 
in previous methods of approach. 


C. W. MacGREGOR, see LESSELLS 


K. MARGUERRE, Berlin, Germany 
On the Strength of Shells of Small Curvature 


(German) 


NE CAN develop the theory of stability of shells of small 

curvature by following closely the large-deflection theory of 
the flat plate. For the calculation of the elastic strain one has to 
consider the squares of the vertical deflections small compared 
with unity, but of the same order as the first power of the tangen- 
tial displacements. The problem is then reduced to two simul- 
taneous equations for the (plane) stress function ® and the verti- 
eal elastic displacement w. One of them can be satisfied exactly, 
the other, however, can only be approximated by means of the 
energy method. With the help of these equations, for instance, 
the critical loads of a cylindrical strip can be determined in an 
especially simple way, and it is possible to discuss the behavior of 
the strip beyond the stability limit, but so far, only for pure- 
compression loading. 


R. C. MARTINELLI, see BOELTER 


P. MASSE, Paris, France 


Researches on the Theory of River Flow 
(French) 


OR STEADY flow, the differential equation of the flow 
lines in a channel of variable slope is dh/ds = I(h? — H*)/ 
(h? — H’*), where the normal depth is H = (bQ?/I)'/* and the 
critical depth H’ = (aQ?/g)'/*. The transition between the states 
of slow and rapid flow or vice versa is connected with the 
existence of a singular point. Nevertheless, the transition takes 
place along a continuous water filament, except in the case of a 
quick transition from the rapid state to the slow state in which 
case a hydraulic jump appears. 
Variable Flow. The propagation of perturbations of small 
amplitude in a uniform flow is described by the equation 


+%4— + — 


This equation has been treated by the method of Riemann- 
Hadamard (Deymié), by the integral of Carson (Cagniard), or 
by integration in the complex plane (Massé). I have proved 
that (a) there are two wave fronts propagating with the speeds 
U = (gH); (b) that the head of the disturbance decreases 
exponentially and becomes imperceptible at a large distance; 
(c) that the group velocity of the disturbance becomes asymp- 
totically equal to (#/,)U. 
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I have studied also various problems on the perturbations on 
the state of rapid flow. For large amplitudes the phenomenon 
is deseribed by the equation 
gl p* 


(q? — gp*) r — 2pgs + p*t = ghq? 


in which p, q, r, 8, t, are the first and second derivatives of the 
unknown funetion (p = H,q = —Q). IfJ = 4gb, the equation 
is integrable by an extension of the method of Hugoniot. In 
the usual case (I < 4gb), the equation is not integrable but a 
study of the wave front shows that, depending on the rapidity 
of the initial perturbation, there is damping or on the other 
hand amplification and the appearance of a singularity (hydraulic 
bore). 


S$. MATUUTA, Tokyo, Japan 
The 


Vortex Motion in the Subchamber 


Diesel Engine 


UE TO ITS special construction, and the consequent 

possibility of a great variety of designs, the antechamber 
Diesel engine has been an object of particular interest from a 
theoretical as well as from an experimental viewpoint, and a 
considerable amount of research has been carried out on this 
subject in Japan. In the center of interest stands the study of 
the vortex motion in the antechamber and its effect on the 
performance of the engine. 

The paper first-gives a theoretical calculation of the pressure 
change in the working gas during the compression stroke, and the 
results are checked by experiments on « single-cylinder test. unit. 
The conclusion thus obtained is that the flow energy increases 
rapidly toward the end of the compression stroke, attains its 
maximum value at from 10 to 20 deg ahead of top dead center, 
and decreases suddenly just before reaching top center. 

For an Acro type air-chamber Diesel engine it was found by 
experiment that the flow energy is maximum with a diameter 
of the air passage between the air chamber and the main cylinder 
of from 3 to 5 mm, while the maximum output of the engine is 
developed with a diameter of air passage of from 8 to 10 mm. 
At such a passage diameter, it seems that, in spite of the smaller 
flow energy, the combustion takes place more efficiently. 

Next, the effect of injection timing on the power of the air- 
chamber Diesel as well as the vortex-chamber Diesel engine is 
discussed. In the case of the air-chamber Diesel, with the 
air chamber located either in the cylinder head or on the piston 
crown, there exists for a given injection timing what might 
be termed a critical speed with respect to its output; the value 
of this critical speed increases with earlier injection timing, thus 
indicating the existence of a close relationship between engine 
speed and injection timing. This effect is probably due to the 
change in combustion speed of the working gas within the cyl- 
inder. As with the antechamber type of engine, the maximum 
turbulence occurs at from 10 to 20 deg ahead of top dead center, 
hence we suspect some relation between maximum turbulence 
and critical speed. 

On the other hand there is no critical speed in the case of the 
vortex-chamber Diese] engine, and this may be due to the in- 
jection of fuel directly into the vortex chamber. By advancing 
the injection period, no improved results are caused, which is 
contrary to the experimental results shown with the air-chamber 
Diesel. This is perbaps due to the higher temperature of the air 
in the vortex chamber, which results in a higher rate of flame 
propagation and causes instantaneous combustion near the top 
dead center. 
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L. C. MAUGH, Ann Arbor, Mich. 


Stresses and Deformations in Two-Hinged 
Vierendeel Truss Arches 


HIS PAPER is particularly concerned with the structural 
behavior of the two-hinged solid-rib arch with rigidly con- 
nected superstructure, which is essentially a Vierendeel type of 
structure in its action. The economical advantages or dis- 
advantages of treating the structure in this way are not dis- 
cussed, nor are various design problems considered. However, 
a portion of the algebraic procedure that is given can be applied 
to other types of continuous-frame structures. 
The analytical investigation is comprised of the following 
parts: 


(a) The evaluation of the horizontal reaction H by expressing 
the strain energy of the structure directly in terms of the end 
moments that act on the various members, and the determina- 
tion of the slope-deflection coefficient for those members. These 
coefficients can be modified to take into consideration the physi- 
cal characteristics of the joints. 

(b) The caleulation of moments by adopting the panel as a 
primary structural unit. This method applies when top and 
bottom chords have approximately the same degree of flexural 
stiffness. 

(c) The calculation of displacements from the general expres- 
sion of strain energy. As the physical characteristics of the joints 
have a great influence upon the deformation of the structure, the 
use of slope-deflection coefficients that can be checked by actual 
tests increases the accuracy of the results. An accurate deter- 
mination of the horizontal reaction H due to temperature or 
shrinkage effects requires an accurate means of computing 
displacements. 


The results of the analytical study bh: ve been verified by data 
obtained from two brass and two celluloid models. Direct 
measurement of the rotations and displacements were made on 
these models and compared with the algebraic results. These 
displacements were also used to determine end moments and, 
by comparing these moments with the theoretical values, to 
study the accuracy of the assumptions that are used in the 
analysis. 


K. D. McMAHAN, Schenectady, N. Y. 
Dynamic Control of Fluid Flow 


N THE PAST, variable control of fluid flow has been accom- 
plished by means of mechanical parts such as valves, dampers, 
shutters, and the like. Now it is possible with simple structures 
to make use of the dynamic or velocity heads of the flowing 
fluid to accomplish many of these control functions without the 
use of moving parts. 

From the fundamental flow equation of the type Q@ = CA X 
/(2gH) it is observed that the quantity of flow Q is controlled, 
in cases of mechanical control, by operating on the area A, 
whereas with dynamic control, the dynamic heads operate on 
either or both the coefficient C and the head H. 

There is a striking analogy between dynamic control in fluid 
circuits and electron-tube control in electric circuits. For illus- 
trative purposes, the electron-tube analogies are given for some 
of the dynamic-control systems. 

Examples of these dynamic-control systems are: (1) An en- 
closed circular gap at the throat of a simple venturi tube gives 
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effective (grid) control of the resistance of the tube. Any fluid 
injected at the throat lowers both the entrance-orifice coefficient 
and the diffuser efficiency of the expanding section of the venturi 
tube. The degree of control depends upon the amount of 
injected flow which isalwayssmall. (2) By balancing the injector 
action of one jet against that of another jet, in close proximity 
to the first, the resultant effective head across an intermediate 
passage is reduced to zero, thus dynamically closing the passage 
to flow. This dynamic blocking of a passage has been applied 
to the housing of a reversible centrifugal fan. In this housing 
the unused portion for each direction of rotation is correspond- 
ingly blocked off by the opposing injector action of the main 
air stream at two points in its path within the housing. (3) By 
varying the degree of dynamic blocking by injector action a 
type of control is obtained which gives substantially constant 
flow with varying head. 


A. E. McPHERSON, see RAMBERG 


A. METRAL, France 


On the Deviation of a Jet and Its Application 
to Propulsion 


(French) 


HIS COMMUNICATION analyzes the Coanda type nozzle 
used to deflect a fluid jet flowing into another fluid. Results 
are in accordance with those of Zerner. 

The flow is defined in the two-dimensional domain by the 
width of the entrance canal b, a rectangular flap of length L making 
an angle a with the walls, and the location of the hinge point of 
the flap, which is set back a distance a from the end of the oppo- 
site wall. 

The complex velocity potential is w = ¢ + ty taking boundary 
conditions into account. Let ¢ = — =, z= 2+ iy, and 
t = (ta + ta™)/2 with f@ = ¢"/*. Then by application of 
the transformation theorem of Schwarz, we represent the 
domains w and ¢ on t, from which the potential is defined. 

The calculations involve simple hyperbolic functions and per- 
mit the ready determination of the constants of integration in 
terms of the geometrica] parameters L, a, b, and a. 

The formulas become simplified when a/z is a fraction. The 
results are expressed as logarithmic functions permitting numeri- 
cal calculation and conclusions in accord with experience. 

The paper gives experimental results obtained with heat 
engines. 


CLARK B. MILLIKAN, Pasadena, Calif. 


A Critical Discussion of the Fundamentals 
of Channel and Flat-Plate Boundary-Layer 
Turbulent Flows 


‘THE PAPER deals with two aspects of the simplest cases 

of fully developed turbulent flow in the presence of walls. 
These are the velocity distribution and the friction law for flows 
in uniform channels and in boundary layers without pressure 
gradient along flat plates. In particular the assumptions under- 
lying present “theories’’ for such flows are critically analyzed. 
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Generalizations of a very elegant formal method given by Izak- 
son are applied to smooth- and rough-channel flows, and the 
results are compared with those of the von Karman similarity 
theory and with experiment. Difficulties which have recently 
appeared in connection with velocity profiles for boundary-layer 
flows are shown to be connected with the assumptions which 
have been made in extending channel-flow relations to the 
analysis of boundary layers. The shear distribution across the 
boundary layer is investigated in detail and inherent contra- 
dictions in existing boundary-layer theories are discussed from 
this point of view. 

Expressions are given for skin friction and velocity profile 
along hydraulically rough flat plates and the shear distribu- 
tion for this case is investigated. 


L. M. MILNE-THOMSON, Greenwich, England 


The Vector Form of the Equations for the 
Motion of a Solid Through a Liquid 


HE CONDITION at the boundary of a moving solid is 
expressed in vector form and an expression is obtained for 
the kinetic energy in terms of vector integrals. 

The extension of differentiation to include partial differentia- 
tion with respect to a vector is investigated. 

The equations of motion are obtained in terms of the impulse 
wrench, and the impulse wrench is then expressed in terms of 
vector partial differential coefficients of the kinetic energy. 

The vector form of Kirchhoff’s equations then follows. These 
assume a particularly simple shape, are only two in number, 
and contain only two vector variables. 

Some immediate applications are made to permanent trans- 
lation, to a body held in a stream, and to permanent rotation. 


R. D. MINDLIN, New York, N. Y. 


Gravitational Stresses in Bipolar Coordinates 


GENERAL solution of the two-dimensional elasticity 

equations in bipolar coordinates has been given by G. B. 
Jeffery for the case of zero body force. In the present paper 
the influence of a constant body force is considered, simulating 
the action of a uniform gravitational field. 

One family of curves in bipolar coordinates is a system of 
coaxial circles. It is shown how the boundary conditions on the 
circular boundaries can be expressed in a simple manner when 
these boundaries are free of stress and a body force is present. 
The method is then applied to a two-boundary problem and to 
a one-boundary problem. The latter is the problem of the 
heavy circular disk suspended in its plane from an eccentric peg. 
The former is the technically important case of the horizontal 
cylindrical hole of circular cross section situated in a gravitating 
semi-infinite solid. 

The two-boundary solution gives the disturbance of initial 
stress around an unlined tunnel and includes consideration of 
the fact that the plane surface of the gravitating solid is free of 
stress. 

When the hole is considered to be close to the plane boundary, 
the solution may be used in the study of the dead-load stresses 
in the arched structure included between the boundary of the 
hole and the upper surface of the solid. 


al 
sk 
di 
a 
of 
of 
al 
rs 
ul 
ac 
of 
cl 
3 
2: 
le 
ra 
te 
si 
Ww 
al 
re 
ra 
n 
st 
re 
tl 
th 
ne 
n 
cl 
te 
n 
; 


JOURNAL OF APPLIED MECHANICS 


H. F. MOORE, Urbana, IIL, R. L. JORDAN, Mil- 


waukee, Wis. 


Stress Concentration and Size Effect 
in Fatigue of Steel Shafts With 
Semicircular Notches 


HIS STUDY of stress concentration in the fatigue of steel 

shafts with semicircular circumferential notches is based on 
an empirical modification of Neuber’s mathematical treatment of 
shafts with hyperbolic notches. This modification consists in 
determining an “effective” radius at the bottom of a notch, i.e., 
a radius somewhat larger than the actual or geometrical radius 
of the notch. The justifications for modifying the radius are, first 
of all, that effective stress concentrations under repeated str 
are, in general, less than theoretical stress concentrations (in- 
cluding those determined by photoelastic tests) and that a for- 
mula which will give an effective radius larger than the actual 
radius would indicate reduced stress concentration. Moreover, 
under stress concentration there is practically always plastic 
action before a fatigue crack starts, and plastic action at the root 
of a notch on the tension side increases somewhat the radius of 
curvature of the notch. 

Experimental determinations of effective stress concentration 
under repeated stress were made for two common structural 
steels; hot-rolled S.A.E. 1020 steel and heat-treated S.A.E. 
2345 steel. For each steel five different sizes of rotating-canti- 
lever fatigue specimens were tested, ranging from 0.125 to 
2.000 in. in diam. 

Four series of fatigue tests were made on each steel: (1) 
control tests of specimens of all sizes with large turned contour 
radii approximately equal to five times the minimum diame- 
ter of the particular specimen, (2) tests of specimens of all 
sizes containing geometrically similar semicircular turned notches 
with the radius of the notch for each size specimen one eighth the 
minimum diameter of the specimen, (3) tests of specimens of 
all sizes with the same size semicircular turned notch (0.020 in. 
radius) in each size specimen, and (4) tests of specimens with the 
ratio of depth of notch to radius of notch equal to 1 and 2. Es- 
pecial attention was given to surface finish at the roots of the 
notches. 

The effect of angle between sides of notch has not yet been 
studied. For all specimens tested this angle was zero, that is, 
the sides were parallel and tangent to the semicircular portion. 

The results indicate that for the metals tested the effective 
radius at the root of the notch is given by the equation 


= kt +r 
in which 
r = actual radius of the notch 
d = diameter at the bottom of the notch 
t = depth from surface of shaft to bottom of notch 
r’ = “effective” radius of the notch 
k, and kz are experimentally determined constants for 
any steel. 


For the S.A.E. 1020 steel, k; = 0.1027 and k, = 0.2087. For 
the S.A.E. 2345 steel, ki = 0.0310 and k; = 0.0476. After 
the effective radius of curvature r’ of the notch was deter- 
mined this effective radius was used as the radius in Neuber’s 
nomographic diagram for stress concentration at hyperbolic 
notches, and the values of stress concentration thus obtained 
checked fairly well with the values obtained with the fatigue 
tests. 

Those of the control specimens of the S.A.E. 1020 steel showed 
no noticeable size effect, while those of the S.A.E. 2345 steel 
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showed appreciable size effect. The specimens with geometri- 
cally similar notches showed appreciable size effect with both 
steels. 


F. MORGAN, see MUSKAT 


TOMIJIRO MORIYA, Tokyo, Japan 


Formulas for the Calculation of Propeller 
Characteristics 


N A FORMER paper the author expressed the velocity at 

any point &’ of a propeller blade, induced normally to the 
resultant velocity of the blade element by the trailing vortexes 
in the form 


where 7 is a function of &’, &, = and the number of blades. 
n 


The numerical values of J were fully given in the paper, on the 

assumption that the trailing vortex sheets are helicoidal in shape 

with constant pitch and diameter, and of infinite extent to the 

rear. The equivalent aspect ratio A, defined by i = and 
Ws 

therefore the aerodynamic characteristics of any blade element 

can be obtained by successive approximations using Equation [1 }. 

But the integration in Equation [1], if performed graphically, is 

inconvenient and troublesome. To avoid this inconvenience, 

4 


5 
the author assumes T = (1 + cos 6) Za, sin n@ and J = =b, 
1 0 


cos n@, where the variable @ is in relation to — such that — = 


1 
- (1 + cos 6). The coefficients in these equations can be ex- 


pressed as linear functions of five values of T and J, respectively, 
at five assigned positions. Formula [1], thus integrated, takes 


the form 
V Veer Teg" 
g & 


Cc 
where = (c, Since the 


and = 

+ anD 
numerical coefficients are all calculated, formula [2] is ready for 
use. In a similar way, handy formulas for kz and kg have also 
been obtained. Propeller characteristics calculated by these 
formulas are in good agreement with experimental results, and 
the calculation is not arduous. 


P. M. MORSE, see DRAPER 


M. MUSKAT, F. MORGAN, Pittsburgh, Pa. 


The Thick-Film Lubrication of Journal 
Bearings of Finite Length 


AN ANALYSIS has been made of the hydrodynamics of the 

lubrication of full journal bearings of finite length operating 
in the thick-film region. The Reynolds differential equation was 
solved by a successive-approximation method, with the expansion 
parameter as the journal eccentricity. The analytical details 
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have been carried through the second approximation. The ex- 
istence of the lubricant source and the associated end leakage is 
explicitly taken into account. Numerical applications of the 
general theory have been made for the cases where the source is 
set either at the crown or base of the bearing. Results are ob- 
tained for the pressure distribution in the lubricating film, the 
load-carrying capacity of the film, and the friction coefficient of 
the journal-bearing systems. Contrary to the implications of the 
Sommerfeld-Harrison theory for the infinitely long bearing, the 
friction coefficient and eccentricities are no longer found to be 
2 
uniquely determined by the “Sommerfeld variable” where 
r = journal radius, c = radial clearance, » = lubricant viscosity, 
N = journal speed, rps, and P = bearing load per unit of projected 
bearing area. They depend also on the leakage flux or lubricant- 
source strength. 

General formulas are also derived for the asymptotic behavior 
of the friction coefficient on both the journal and bearing for large 
values of the Sommerfeld variable. The asymptotes of the 
curves of friction coefficient versus Sommerfeld variable are 
found to be straight lines passing through the origin regardless of 
the bearing length and source strength. Their slopes are deter- 
mined only by the bearing arc and its attitude with respect to the 
load. An experimental study of a full-journal-bearing system 
has confirmed both the theoretically predicted asymptotic be- 
havior of the friction-coefficient curves and the effect of the 
source of lubricant. 


A. NADAL, J. BOYD, Pittsburgh, Pa. 


Relaxation of Steels at Elevated Tempera- 
tures. A New Automatic Relaxation 


Machine 


WHILE MOST all the testing to determine the suitability 

of the ductile metals for high-temperature applications is 
done under sustained loading, and creep is observed while the 
load is kept constant, conditions in practice are frequently 
different. In the bolts keeping joints tight it is not the load 
that remains constant but the sum of the total amounts of the 
distortion. An idealization of this case leads to the relaxation 
of stress during a tensile test. The decrease of stress must be 
such that the decrease of elastic strain caused by it equals the 
increase of permanent strain due to creep. During the last 
several years experiments under relaxation conditions at ele- 
vated temperatures, made with copper and with steels, finally 
led, in 1937, to the design of a special machine in which the 
conditions of pure relaxation in tension are produced. A sensi- 
tive electric contact device operated by the extensometer pre- 
vents the increase of the gage length of a tensile-test bar, which 
otherwise would occur due to creep, and automatically regulates 
the load. The load, as a function of time, is automatically re- 
corded as a curve on paper. 

At a temperature of 454 C (850 F) a decrease of stress of 60 
per cent in 100 hr was observed with an initial stress of 11,750 
lb per sq in. in a soft steel (0.35 per cent C) and of 30 per cent in 
100 hr with an initial stress of 10,250 lb per sq in. in an alloy 
steel, showing that under pure relaxation the decrease of stress 
was unexpectedly large. As soon as sufficient observations are 
available it is intended to compare them with the results of ordi- 
nary long-time creep tests to find the laws of creep under gradu- 
ally decreasing stresses. The relaxation test can also be utilized 
to shorten the times required for determining the creep resistance 
of steels provided due allowance is given to aging phenomena. 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1938 


S. J. NEEDS, see KARELITZ 
W. O. NELSON, see BOELTER (11) 


P. NEMENYI, London, England 


Steep Channels Fitted With Energy 
Dissipators 


‘Two DIFFERENT principles can be used to obtain ex- 
™ tremely intense energy dissipation in open channels. 

1 This principle, first used for fish ladders thirty years ago 
and later perfected by G. Denil, consists in the production of 
strong secondary circulation. For this purpose each obstacle or 
energy dissipator must (a) cover considerable part of the wetted 
circumference, (b) be oblique to the channel axis, (c) for open 
channels be spaced so closely that no separate overfall jets can 
develop, i.e., at least one streamline is—apart from fluctuations— 
straight; with large slopes the spacing must not exceed ap- 
proximately half the breadth of the channel, and (d) be uniform 
in shape and spacing. 

While Denil’s investigations were limited to symmetrical dis- 
sipators we made experiments with “antisymmetrical’’ disposi- 
tions, i.e., with staggered and with longitudinal zig-zag obstacles, 
and found energy dissipations slightly inferior but of the same 
order of magnitude as in the corresponding symmetrical cases. 
The stream was straight in the innermost part of the cross sec- 
tion just as in the symmetrical case. 

All the dissipators which were studied have the mentioned 
properties only over certain ranges of J (slope) and H (depth); 
outside these ranges the flow degenerates at one extreme into a 
sluggish one, and at the other into a series of alternating ‘‘pools’’ 
and “overfalls.”’ 

The velocity as a function of J and H has been studied for the 
different types, and velocity distributions have been measured. 
The controversial problem of the resistance of floating bodies in 
steep streams bas been clarified. 

2 The second principle starts from a series of pools connected 
by submerged orifices (pool-type fish ladder) and consists in 
such a shaping of the walls between the pools that the jet issuing 
from the orifice is immediately diverted. A jet diverted by an 
oblique plane, takes, as is well known, a broad shape. Sub- 
merged in a pool, the whole greatly increased surface of discon- 
tinuity becomes the seat of an energy dissipation, which is 
incomparably more effective than that on the surface of an undi- 
verted jet. Thus the velocity can be reduced very considerably. 

The investigation concerns mainly fish ladders but its results 
apply also to timber-floating .channels, spillways, and other 
channels of steep slope in which the water velocity is limited. 

The work was part of a research organized by the Institution of 
Civil Engineers and carried out in the Hydraulic Laboratory of 
the Imperial College of Science and Technology. The author’s 
thanks are due to the Research Committee of the Institution and 
particularly to Prof. C. M. White for his valuable suggestions. 


N. NERONOFF, Leningrad, U.S.S.R. 


Analytical Determination of the Stresses in 
Hoisting Ropes 
Fest THE CASE is considered where the mass of the rope is 


negligible with respect to the mass of the attached load 
(heights of less than 150 meters). The differential equation of 


Ry 
“4 
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motion is of the second order, having a spring constant variable 
with time. On account of the fact that the rope may be on its 
drum with an initial state of tension, the differential equation for 
descending motion differs from that for the ascent. The tension 
in the free part of the rope also is affected by the initial stress on 
the drum during the descent. The total integral of these equa- 
tions is found for the case of uniform drum motion as well as for a 
uniformly accelerated or retarded drum motion. The case of an 
arbitrary drum motion is considered in its general features. As 
an example, the diagram of the rope tension against time is 
calculated numerically for a trapezoidal diagram of drum ve- 
locity. 

In the second part of the paper the mass of the rope is con- 
sidered, leading to a partial differential equation of the second 
order and hyperbolic type. The problem with its initial condi- 
tions is solved in a closed form. 


B. L. NEWKIRK, see KARELITZ 


P. NICOLAU, Paris, France 


Pneumatic Integration of the Surface 
Roughness of Mechanical Pieces 
(French) 


HE CONDITION of the surface of mechanical pieces is of 

great importance in all practical contact phenomena. 
Measurement, not only of the physical, chemical, or mechanical 
properties, but also of the pure geometrical properties of the 
surface, is necessary. The surface roughness seen from a geo- 
metrical standpoint must be distinguished in two parts: First, 
the deviation of the measured surface from the desired geometrical 
surface; and second, the difference between the actual surface 
and the measured surface. The actual surface roughness is the 
sum of these two. The measured surface is determined in the 
usual way by the contact of a finger of specified contour moving on 
the surface to be measured. 

In many cases it is of advantage to express the roughness by its 
statistical effects. For instance we can measure the integrated 
roughness along the contour of a finger of proper shape resting 
on the roughness irregularities of the surface by measuring the 
flow of air which passes under the finger because of a constant 
small pressure difference. By properly standardizing the various 
dimensions of the apparatus, and observing certain precautions, 
we can measure the mean of the function y = f(x) representing 
the profile of the surface along the contour / of the finger, i.e., 


the distance 
1 l 
n= f(x)dx 
l Jo 


bet ween the smooth finger surface and the surface of the specimen. 
By means of the “‘Solex’”’ micrometer, this method may be ap- 
plied industrially, and it can be made so sensitive as to make 
possible the integration of the roughness of smooth-machined 
and even ground surfaces. 

Fingers or feelers of various forms and dimensions have been 
made for plane surfaces as well as for inside and outside cylindrical 
surfaces. Yarious practical applications have been made to the 
study of machining processes, shrink fits, friction, and cor- 
rosion. 
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K. NISHII, Tokyo, Japan 
The Variable-Density Wind Tunnel in Japan 


HE REPORT deals with the construction and design of a 

variable-density tunnel now in use by the Naval Aircraft 
Factory in Japan. The tunnel has a single return duct of the 
Gottingen type with a circular throat of 1.8 meters (7.1 feet) 
diam. The main duct is made of 40-mm steel plate reinforced 
on its outside with rings of special cross-sectional shape. The 
power for the propeller is supplied by a direct-current motor of 
1000 hp which is placed in the duct. The velocities obtained 
for various pressures are as follows: 


Pressure 
low pressure 
one atmosphere 
17 times atmosphere 


Velocity 
240 meters per sec 
130 meters per sec 
52 meters per sec 


The Reynolds number for 17 atmospheres is 1.8 X 10’. 


R. H. NORRIS, Schenectady, N. Y. 


Concepts of Efficiency of Heat-Transfer and 
Pressure-Drop Relations in 
Heat Exchangers 


"THIS PAPER presents a fundamental method which simpli- 

fies performance comparison of different types of heat ex- 
changers for forced-flow fluids. The method also facilitates 
improvement of any given type of heat exchanger by showing 
clearly how the performance differs from an ideal performance, 
and which specific features of the design are most responsible for 
this difference. 

The pressure drop, face area, and over-all heat-transfer co- 
efficients are expressed by simple formulas which contain un- 
usually convenient functions of conventional variables. Each 
function represents the effect, on the over-all performance, of a 
different feature of the heat-exchanger design. The functions 
may be evaluated easily from conventional performance data 
and the design dimensions. 

In order to simplify comparison, these functions are so defined 
that each may range only between zero and unity, with unity 
representing the ideal performance (subject to certain restrictions 
of relatively minor importance). They are therefore analogous 
to efficiency values and are called “efficiency functions.”” More- 
over, when multiplied together, their product, which also ranges 
from zero to unity, represents the efficiency of their combined 
effect. 

Numerical values of these functions are presented and their 
significance is shown for several types of design. For example, 
the formula for pressure drop shows that for a certain conven- 
tional design, the pressure drop is ten times the ideal minimum, 
for the basis of comparison here used. 

To permit a satisfactory comparison, certain variables must be 
kept constant while comparing other variables. The basis of 
comparison used here seems particularly significant and con- 
venient for practical use, since it specifies, not constant size or 
velocity, but constant total heat transfer, constant weight of 
fluid flow, and constant fluid properties, combined with either 
constant face area or else constant pressure drop. 

It is of theoretical significance that one of the efficiency func- 
tions here used concerns phenomena in the fluid boundary layer 
and represents the relation there between heat transfer and fric- 
tion-energy loss. To evaluate this function it is found convenient 
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to employ the dimensionless variables known as the friction factor 
f and the heat-transfer factor j, as defined by Colburn. 


W. R. OSGOOD, see STANG 


C. L. PEKERIS, Cambridge, Mass. 
The Flow of Fluids in Rotating Tanks 


‘THE PAPER aims at an explanation of the flow patterns 

which are observed when a jet is injected radially into a 
rotating tank. If the motion were strictly two-dimensional it 
would follow from a theorem of Taylor that the flow pattern 
would be unaffected by the rotation of the tank, and that the 
effect of the latter would be only to introduce a geostrophic-pres- 
sure term. In the case of a doublet at the center, this pressure 
term, being proportional to the velocities, would become infinite. 
An investigation is made of the flow pattern of a highly viscous 
fluid which would result from a doublet at the center and a con- 
centrated force at the center applied normally to the axis of the 
doublet and of such a magnitude as to cancel the pressure term 
there. The resulting asymmetry in the flow pattern resembles 
the one observed. 

Next, an investigation is made of the effect of the finite thick- 
ness of the layer. Under the restrictions of small velocities and 
relatively small rotation, it is found that the flow is governed by 
an equation 


3R4 
oy 


Here y is a stream function such that the radial and angular 
velocities u and v are given by 


where w is the angular rotation of the tank, R its radius, » the 
kinematic viscosity, H the height of the layer, and g the value of 
gravity. In the operator V‘ the radial differentiation is with 
respect to a nondimensional coordinate y = r/R. 

A solution of Bquation [1] is obtained for the case of a force 
applied to the center and the resulting asymmetry in the flow 
pattern due to the rotation agrees qualitatively with the one 
observed. 


H. C. PERKINS, Ithaca, N. Y. 


A Graphical Torsion Analysis 


‘THs PAPER describes a torsion analysis applicable to any 

homogeneous prismatic shaft, solid or hollow. The pro- 
cedure resembles that of Bairstow and Pippard in that it requires 
the solution of integral equations, but results can usually be ob- 
tained with less effort, and the argument, dealing with stress 
rather than torsion functions, makes few demands beyond the 
elementary calculus. The stress which holds in a circular cross- 
sectional plane, applied to any other cross section, overruns its 
boundary and must be accompanied by shears on the surface of 
the shaft. By applying suitable opposing forces in equilibrium 
with irrotational shears on the cross sections and the outer sur- 
face, the condition for zero surface shear at n boundary points 
may be formulated, in terms of the forces, by n integral equations. 
The integrations are performed by Simpson’s or trapezoidal rule, 
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and n algebraic equations determine force intensities at the n 
points. These, with intermediate values obtained by further 
integration if necessary, specify the curve of force versus bound- 
ary length, from which stress components at any point may be 
calculated by integration. Torsional rigidity is formulated in 
terms of polar moment of inertia of cross section and a line 
integral of stresses at boundary points. The formula differs 
from that of Bairstow and Pippard but is derived in a similar 
manner from the torsion function using Green’s theorem. 
Illustrative examples include some simple cases which can be 
checked by elementary methods. A solid circular shaft twisted 
about an eccentric axis is solved exactly for the boundary forces 
by one line integration. The same problem with a concentric 
hole is solved by two line integrations. An equilateral triangular 
section, using special treatment at the corners, is solved with one 
per cent error by one line integration. Some other cases require 
longer computations. 


H. PETERS, B. G. RIGHTMIRE, Cambridge, Mass. 
Cavitation Study by the Vibratory Method 


CAVITATION , or the formation and disappearance of vapor 

in a liquid under the action of dynamic forces, is produced 
by the vibration in water of a metal sample. The sample is 
screwed to the lower end of a vertical nickel tube placed in an 
oscillating magnetic field. The magnetostrictive lengthwise 
vibration of the tube causes the flat undersurface of the sample 
to move normal to itself in the water. The cavitation occurs in 
a small region near this surface. The amplitude and frequency of 
the motion, and the pressure and temperature of the water are 
measured and controlled. The air content of the water is meas- 
ured. 

The severity of the damage is measured by the loss in weight 
of the sample during a definite time. The weight loss has been 
determined as a function of pressure and temperature. 

The data show that for a given setting of the apparatus there 
corresponds to any temperature a limiting pressure above which 
no damage takes place. It is probable that vapor and liquid 
must both be present at the surface of the sample to produce 
damage. Visual observation shows that at pressures above the 
limit no vapor forms beneath the sample. 

It is possible to form a dimensionless criterion of the limiting 
conditions under which no damage occurs. This criterion is 
analogous to the “‘o”’ of Thoma. 


C. F. F. PLATRIER, Paris, France 


Generalization of the Problem of Saint Venant 
(French) 


SAINT VENANT has treated the fundamental problem of 
the resistance of materials, i.e., the isothermal] equilibrium 
of a homogeneous prismatical bar, long with respect to its lateral 
dimensions, under the influence of forces only on its two bases. 
The material was supposed to be isotropic and perfectly elastic 
and the deformations started from a natural state. 
The author has solved the same problem, under less restricted 
hypotheses, for three cases: (1) the material M is homogeneous 


_ without being isotropic; in particular, the material M’ is such 


that the longitudinal direction of the prism coincides with the 
direction of propagation of plane longitudinally polarized waves; 
(2) the development does not start from a natural state, but rather 
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from a state of initial tension; (3) the material is considered im- 
perfectly elastic, i.e., in the material M” the stresses of a surface 
element are not reducible any more to a single force. If the 
initial state is natural and the material perfectly elastic Saint 
Venant’s solution holds for certain materials V ineluding the 
materials M’; in the latter the state of stress depends on five 
numbers which describe the physical characteristics of the ma- 
terial, and the deformations are inversely proportional to Lamé’s 
parameter for the materials M’ which have the same five charac- 
teristics. If the initial state of the material M’ is one of uniform 
tension along the longitudinal direction of the bar, the solution of 
Saint Venant still holds if the bar has a prismatic exterior after 
its deformation. 

Finally, for certain materials M” the solution of the problem 
exists when an initially prismatic bar without initial tension is 
deformed. 


A. POGANY, Krakow, Poland 


Critical Investigation of the Theory of Stress 
Calculations in Soil Foundations 
(German) 


XPERIMENTS show that the settling of buildings is ten 

and more times greater than the values calculated on the 
basis of Boussinesq’s theory. The cause of this discrepancy lies 
in the fact that the theory of elasticity cannot be applied to clay 
or sand foundations. In such foundations the deformations 
depend on the order of application of the various loads, i.e., the 
principle of superposition does not hold. An attempt to apply 
the theory of plasticity to the problem also fails. Neither does 
the theory of friction, as developed by Coulomb, furnish an ade- 
quate description. My experiments, carried out with the object 
of elucidating these discrepancies, though for the moment not 
leading to simple closed mathematical formulas, nevertheless 
throw light on the errors in the assumptions and physical con- 
ceptions of the current methods of calculation. Experiments, 
consisting of many careful compression tests on clay and sand 
samples, showed that no law of superposition holds for these ma- 
terials. A second series of experiments on friction was carried 
out in which steel spheres and other small metallic bodies of 
various shapes were allowed to sink down in clay or sand con- 
tained in a glass placed on one arm of an analytical scale. The 
balancing weight on the other arm gave a measure of the friction 
force. From these tests the conclusion is drawn that Coulomb’s 
law does not hold for soils. 


KYRILLE POPOFF, Sofia, Bulgaria 


On the Pendular Movement of a Projectile 
(French) 


[8 ORDER TO judge the validity of the physical hypotheses 

entering into the solution of the problem of pendular motion 
of a projectile about its center of gravity, it is necessary that full 
and exact conclusions can be drawn from them. The methods 
employed should not introduce simplifications, the results of which 
might be confused with the consequences of the physical hy- 
potheses. With all methods, suggested until now, there is assumed 
a small angle of yaw 4, and it happens that the differential equa- 
tions have a singularity for 6 = 0. Assuming a small 4, there- 
fore, means considering the motion about a singular point. It is 


to this delicate question of the problem that we direct our atten- 
tion. Starting from the equations of Euler, we show that the 
simplified equations of Mayewski, integrated without any hy- 
pothesis as to size of 6, lead to the motion of precession of the pro- 
jectile. After this we integrate the equations of nutation. The 
integration of the equations of precession and nutation is done by 
the methods of Poincaré. We also study the character of the 
integrals about the singular points of the precession equation 
establishing the existence of solutions asymptotic to periodic 
solutions. We then reduce the precession equations to a system 
of integral equations of Volterra which permits us to show the 
rapid convergence of the series representing the solution. 

The aerodynamic forces and their effects are fully considered. 
For example, we show with the methods of Poincaré that the 
lateral friction, as considered by Esclangon, leads either to a 
damped or an amplified oscillation. 


HILLEL PORITSKY, Schenectady, N. Y. 


The Reduction of the Solution of Certain 
Partial Differential Equations to Ordinary 
Differential Equations 


HE METHODS of this paper apply to partial differential 
™ equations, the solutions of which render certain integrals sta- 
tionary among a proper set of functions, for instance, to harmonic 
functions which render the Dirichlet integral a minimum among 
the functions taking on the given boundary values. 

The method consists in assuming the shape of the unknown 
function for each xz but leaving its amplitude unknown. Deter- 
mining the unknown amplitude so as to minimize the proper in- 
tegral, there results an ordinary differential equation for it. By 
assuming the shape for each z as a linear combination of several 
profiles, a system of ordinary differential equations is obtained, 
the solution of which leads to greater accuracy. These equations 
sometimes are directly soluble; in other cases they have to be 
solved by numerical methods or by means of a mechanical inte- 
graph such as the Bush integraph. 

The method is illustrated on the Dirichlet problem, and on the 
problems of torsion of a prismatic shaft, of calculating the in- 
ductance of a solenoid on a cylindrical iron core of infinite permea- 
bility, of oil flow and lubrication of a semicircular cylindrical 
bearing taking into account side leakage, as well as on several 
other problems in elasticity. These examples illustrate the 
great range and variety of hitherto relatively inaccessible prob- 
lems capable of solution by these methods. 


THEODOR POSCHL, Karlsruhe, Germany 


Plastic Buckling of Straight Columns 
(German) 


[™ IS POSSIBLE to conceive of plastic buckling in a way 
different from earlier theories such as those of Engesser and 
von K4rman. 

As is known, buckling of short columns occurs before the Euler 
load is reached. This can be explained by the fact that in certain 
regions of such columns stresses beyond the yield point occur 
which reduce the strength of the columns. The purpose of this 
paper is to estimate with sufficient accuracy the decrease of 


strength due to the fact that the material becomes partially plas- 
tic. 
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Under the assumption of an ideally plastic material, the stress 
distribution, in those regions on the compression side in which the 
stress is beyond the vield point, is represented by a line, first 
horizontal, and then, after a break, sloping downward toward the 
tension side. This stress distribution is valid only in the plastic 
region; in the remaining part of the column the distribution is 
according to elastic bending. 

The material starts to become plastic in the dangerous cross 
section of the beam. In a rod of rectangular cross section F = 
2bh the plastic region has the shape of the parabolic cylinder 


= = = in which «x? = {1] 
0 


An approximate calculation leads to the following expression 
for the critical load as a function of the greatest depth w of the 
plastic region. 


_ v8 (w\" 


The surroundings of the dangerous cross section do not con- 
tribute to the resistance of the column. The neutral axis of the 
beam, strained by combined bending and axial compression, has 
moved to the tension side. By this a moment with respect to 
the neutral axis is caused amounting in the middle of the beam to 


1 w \? 
Mm | — 7 
[3] 


so that the moment is proportional to the square of the plastic 
depth w. 

For o,,, the mean compressive stress (stress at the neutral axis), 
the following relation results by eliminating w 


According to this equation the critical stress depends on 1/i; 
it departs from the Euler curve in the elastic range and decreases 
with decreasing 1/t. The reason for the disagreement with 
observations is obviously the assumption of an ideal plastic ma- 
terial. If one takes hardening of the material into consideration, 
complete coincidence with observation is obtained. 


W. PRAGER, Istanbul, Turkey 


On Isotropic Materials With Continuous 
Transition From Elastic to Plastic State 


‘THE PRANDTL-REUSS theory of plastic materials assumes 
a sudden transition from elastic to plastic state: Plastic de- 
formations are supposed to occur only after a certain stress limit 
has been attained, and up to that limit the body is considered as 
perfectly elastic. Most materials, however, show a continuous 
transition from elastic to plastic state. For such a material the 
Prandtl-Reuss theory can be expected to give good results only if 
the plastic deformations involved, although small enough to 
avoid considerable strain hardening, greatly exceed the elastic 
deformations. In some cases, however, the plastic deformations 
to be considered are rather small. All problems concerning in- 
stability beyond the purely elastic range present that feature. 
As, in such cases, the manner of transition from elastic to plastic 
state may influence the result considerably, a theory taking ac- 
count of that transition seems desirable. 
For a material which shows continuous transition from elastic 


JOURNAL OF APPLIED MECHANICS 


SEPTEMBER, 1938 


to plastic state and no strain hardening the stress-strain diagram 
for simple extension or compression can be represented by the 


relations 
da e(1—(2) ) if 0 
de 


E if oda <0 


where o = actual tensile stress, 0, = yield stress in tension, « = 
elongation, and E = Young’s modulus. The manner of transi- 
tion from elastic to plastic state depends on the numerical value 
of the exponent n; as n increases the transition tends to become 
more abrupt. 

Differential relations between the components of stress and 
strain tensors are established which reduce to the given relations 
in the case of simple extension or compression. For great defor- 
mations they approach asymptotically those of the Prandtl- 
Reuss theory. 


L. PRANDTL, Gottingen, Germany 


Contributions to the Turbulence Symposium 
(German) 


WitH THE introduction of the concept of ““Mischungsweg,”’ 

I attempted, first, to obtain a physical picture of the 
mechanism of turbulence, and secondly, to establish a metnod 
by which the velocity distribution for a given case can be pre- 
dicted. For a number of problems these relations proved very 
useful. Recently, however, cases arose in which they failed. 
In this category belongs the isotropic turbulence for which 
dU/dy = 0 without the simultaneous vanishing of the fluctua- 
tion u’, while, according to the relation of 1925, this fluctuation 
should have been u’ = [dU /dy. 

The former relation, however, can be extended so that it 
satisfies the observations of isotropic turbulence. If f(t/T) 
is the decay factor of an existing turbulence (7' = characteristic 
time unit of the order of magnitude //U) then the improved ex- 
pression results 


- 


The integral must be calculated along the path of a fluid particle. 
If along this path lIdU/dy decreases more slowly than f(t/T), as 
for instance, in the expansion of a jet and in a wake, then the new 
formula reduces practically to the old. In the reverse case 
new possibilities are opened up. In this case the expression for 
the shear stress r = pu’ldU/dy seems to be useful. In the case 
of the flow behind a screen, this expression leads to 


where ldU/dy is already small compared to wu’, if, in accordance 
with Dryden’s measurements, f(t/T) = T/(T + t) is used (n = 
4.5, according to Dryden’s measurements). 

For the flow along a flat plate, the case in which the sur- 
face roughness changes has been experimentally investigated, 
(transition from smooth to rough surface and vice versa). The 
tests give a distribution of the shear stress in the interior 7, 
which can be approximated by the expression 


ye Bu/(z— 2") dy 


(s — 


7; = B(1—y/h)- T w(x’) 


where r,, = shear stress at wall and 6 ~ 11. 
The theory, starting from l0u/dy = +/(r/p), could be developed 


4 
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for the case where the variation of the shear stresses r(x, y) = 
pdF /dx could be represented by the differential equation 


oF Uy) \ p \ oF 
dy? al Ox 


considering the most important terms only. These variations 
from a flow with the undisturbed shear stress 7o(y) are caused 
by the nonuniformity of the surface roughness. 

In the simplest case (ro = const, 1 = xy, U,, instead of U(y)), 


the solution is 
To 


which reduces to the formula for 7; except for the factor 1 — y/h. 
Numerical deviations, however, still exist, which require further 
study. 

It can furthermore be reported that measurements of turbu- 
lent fluctuations, as carried out by Reichardt, with hot-wire 
anemometer and electrodynamometer have meanwhile led to re- 
producible and quantitative results; among others the Reynolds 
expression 


U,, 
A(z’) By/(z — x’) dz; B = 


2« 


dU 


p 


could be verified with good accuracy. 
Furthermore, a frequency analysis with a vibrator electro- 
dynamically driven showed reliable results. 


L. PRANDTL, Gottingen, Germany 


Recent Contributions to the Theory of the 
Lifting Surface 
(German) 
N CONTRAST to the former work on the lifting surface, 
which started with the concept of a vortex distribution, this 


paper uses as a basis the field of acceleration (Luftfahrtfor- 
schung, vol. 13). The acceleration vector DW /dt equals, according 


to Euler’s equations, — 


1 
— grad p and, therefore, even in the case 
p 


of a compressible fluid, a potential, the “acceleration potential,” 
¢ exists. With the linearization as used in the airfoil theory its 
relation to the velocity potential @ is given by 


The differential equation for # is therefore equally valid for ¢ 
after the linearization. The expression 


dp 
p 


¢ = const 


is discontinous only on the lifting surface; everywhere else it is 
continuous. results from ¢ through a quadrature; the airfoil 
profile results through a second quadrature. The quadratures 
can be carried out in supersonic flows for many examples (H. 
Schlichting, Luftfahrtforschung, vol. 13), but for subsonic flows 
difficulties in integration usually arise. In this case development 
in series according to known potential functions yields a solution 
for especially simple contours. An airfoil of circular plan form 
is completed at present (W. Kinner, /ng.-Archiv, vol. 8), and 
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work is in progress on the elliptical plan form. Solutions can be 
obtained with the aid of spherical and ellipsoidal-harmonic func- 
tions. The unsteady problem of the flapping wing has been 
started for circular plan form. 

For rectangular plan form of small aspect ratio, adequate 
potential functions are missing. In this case the method of 
vortex distributions had to be used. The lifting surface is re- 
placed by a finite number of parallel lifting lines and the con- 
dition of zero normal velocity components has to be satisfied at a 
finite number of points between the lines. 


A. PUCHER, Berlin, Germany 


The Stress Function of Thin Shells of 
Arbitrary Shape 


(German) 


[* SHELLS of double curvature with a thickness small in com- 

parison to the other dimensions and subjected to an arbitrary, 
but continuous, loading there are equilibrium conditions in which 
the stress is constant over the thickness. Thus the stresses have 
resultant forces in the tangent plane of the shell and the bending 
moments are small of second order. 

These membrane forces can be described uniquely by a stress 
function that satisfies a linear partial differential equation of 
second order in which the curvatures enter as coefficients and the 
load is expressed by an additional term. The integrals of the 
homogeneous differential equations describe stresses in the un- 
loaded shell caused by boundary forces; the addition of a particu- 
lar solution to this solves the complete problem for any bound- 
ary conditions. Only in special cases can the equation be inte- 
grated in closed form, but numerical methods are given that 
yield results sufficiently accurate for practice. 

For shells of rotational symmetry the homogeneous differential 
equation can be reduced to a total one with the radius vector as 
independent variable. The integration is possible, partly in 
closed form, and partly by means of series. Of the two inde- 
pendent integrals one is regular, while the other one has an in- 
finity at the origin. Moreover, from the partial homogeneous 
differential equation a group of integrals can be deduced that 
correspond to singularities in the loading at the apex of the shell. 
With the general integral all cases of rotational symmetry can be 
calculated, including those that are cut out over a polygonal base. 

The stress function makes possible the calculation of shells of 
arbitrary boundary support and arbitrary loading. Especially 
the calculation of the membrane forces is simplified because in- 
stead of solving three simultaneous differential equations only a 
single one has to be integrated. 


WALTER RAMBERG, A. E. McPHERSON, SAM 
LEVY, Washington, D. C. 


Experimental Study of Sheet-Stringer Panels 
Under End Compression 


HE STRENGTH of sheet-stringer panels under end com- 
pression has become a problem of importance with the increas- 
ing use of stiffened sheet to carry compressive loads in box beams 
for airplane wings and in other types of monocoque construction. 
The buckling of the sheet between stringers under end com- 
pression, the strain distribution in the sheet, and the effective 
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width of the sheet as a function of the stringer stress have been 
considered from a theoretical point of view by a number of au- 
thors. Experimental results confirming this theoretical work 
have been few in number and restricted in scope. The present 
paper gives the results of a detailed experimental study under 
carefully controlled end conditions of two sheet-stringer panels in 
end compression which was carried out at the National Bureau of 
Standards for the Bureau of Aeronautics of the Navy Depart- 
ment. 

In connection with this study convenient procedures were 
developed for measuring the strains in buckled sheet, for ob- 
serving the shape of the buckles, and for following the twisting 
and bending of the stringers. The observed deformations of the 
sheet were compared with those computed from theories ad- 
vanced by Timoshenko, Frankland, and Marguerre. The com- 
parison suggests certain modifications in the theoretical attack 
which would probably lead to a better agreement between the 
theoretical and the observed deformation of the sheet. 

Analysis of the measured stringer deformations indicated failure 
by combined bending and twisting. Plots by Southwell’s 
method of rotations due to bending and due to twist gave a 
good approximation of the ultimate load of the panels in those 
cases where all the points were scattered about a common 
straight line. 


MANFRED RAUSCHER, Cambridge, Mass. 


Steady Forced Oscillations of Nonlinear 


Systems 


‘THE PAPER presents a semigraphical treatment of the steady 

oscillations of nonlinear and unsymmetrical elastic systems 
under arbitrary periodic excitation. Nonlinearities in the damp- 
ing forces, and certain kinds of variable inertia, are also consid- 
ered. The method applies whether or not the frequencies of the 
force and of the motion are the same. The only restriction 
throughout is that damping forces must not overshadow elastic 
forces. 

The response of a system to excitation at various frequencies 
is found by working backward from assumed amplitudes to corre- 
sponding forced frequencies. The rules of procedure are as 
follows: (a) pick an arbitrary amplitude; (b) determine the free 
undamped motion corresponding to this amplitude; (c) suppos- 
ing the free motion to be the actual one, find the energy lost 
through friction during each cycle; (d) supposing the free mo- 
tion to be the actual one, find the phase relation between applied 
force and motion which will allow the force to replace the damp- 
ing loss over each cycle; (e) using the relation between time ¢ and 
displacement z found under (6), change the exciting force F from 
F(t) into F(z); (f) combine F(z) with the given elastic character- 
istic E(x) and the calculated damping force D(z) of the system to 
get an effective new characteristic R(z) = E(x) — F(z) — D(z); 
(g) determine the free undamped oscillation corresponding to the 
elastic characteristic R(x); (h) repeat steps (c), (d), (e), (f), on 
the basis of this new “‘free’”’ motion; and so on. 

In general, the process converges rapidly. The accuracy at- 
tained at any stage can readily be checked. The question 
whether a calculated motion is stable or unstable can also be an- 
swered: The essential requirement for stability is that a virtual 
advancing of the force relative to the motion shall cause the force 
to do such work on the system as will change the amplitude in the 
direction of increasing frequency. 

A concrete example is worked through to illustrate the applica- 
tion of the method. 
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M. REINER, Jerusalem, 


Haifa, Palestine 


A. FREUDENTHAL, 


Failure of a Material Showing Creep; 
A Dynamical Theory of Strength 


N THE EXISTING theories of strength the velocity of strain 

is not considered. It has, however, become increasingly evi- 
dent that the speed of deformation considerably influences the 
magnitude of the corresponding stress. A statical theory of 
strength which has proved more satisfactory than any other is due 
to M. T. Huber and H. Hencky. According to this theory, 
failure is governed (1) by a maximum value of the energy of 
elastic distortion, and (2) by a maximum value of the hydrostatic 
tension. This theory cannot account for any influence of the 
velocity of strain on the strength. 

A dynamical theory is proposed which, while retaining conditions 
(1) and (2) of the former theory, replaces its statical conception 
with a dynamical one, by (a) introducing the “‘power of distortion”’ 
dW /dt, instead of the distortional energy W, and (b) stressing the 
different influence of the three forms of mechanical energy, i.e., 
the potential elastic energy E,, the kinetic energy FE, and the 
dissipated energy E,, on the strength of matter. It is obvious 
that E, + E, + E, equals the work of the external forces, 
and W = E, + E,. With regard to condition (1), as amended 
by (a) and (6), the law governing failure by distortion may be 


written 
o dt 


where Fy is the maximum value of the distortional energy which 
can be stored up elastically per unit volume. This condition 
implies that a certain amount of the distortional energy is dissi- 
pated during the period 0 <¢< T. The dissipation is caused 
by viscous and plastic flow. Failure by distortion occurs at 
t = T, unless an excess of hydrostatic tension, due either to 
an excessive speed of loading or to local acceleration of flow, 
causes an earlier separation of the particles, according to con- 
dition (2). 

If the rate at which energy is applied to the material equals the 
rate at which it is dissipated, i.e., if 


dw 

dt dt 
the material can be strained without failure until separation of 
particles occurs locally by inhomogenous flow. The proposed 
dynamical theory of strength accounts for most of the phenomena 
connected with the failure of any material under the action of 
static as well as dynamic forces. ‘As an example of the applica- 
tion of this theory the failure of a material showing creep is 
investigated under the conditions of tensile test with constant 
stress P/A, constant load P (usual creep test), uniform strain 
rate (usual tensile test), uniform rate of stress, and rate of stress 
for theoretically infinite straining without failure. 


ERIC REISSNER, Cambridge, Mass. 
On Tension-Field Theory 


HE PAPER gives a new treatment of, and contributions to, 

“tension-field theory.”’ This theory has been developed to 
describe the state of stress in thin, originally flat, sheets wrinkled 
under the influence of compressive stresses in the plane of the 
sheet. 
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Mathematically tension-field theory is here considered as the 
theory of elasticity of materials of the following kind of ecurvi- 
linear anisotropy: The axes of elastic symmetry at each point are 
tangent to the lines of principal stress and one of the two different 
moduli of elasticity is zero. This latter assumption leads to the 
vanishing of one of the principal-stress components and to the 
fact that the corresponding strain component at a given point is 
not determined by the state of stress at this point. Physically 
it means that a wrinkled sheet offers negligible resistance to 
stresses perpendicular to the wrinkles and that the form of the 
wrinkle at a given point depends on the whole stress distribution 
rather than on the stress at that point. 

Assuming a system of coordinates (é, 7), the system of lines of 
principal stress and the general form of stresses, displacements, 
and the line element ds? = h,? dt? + hg? dy? can readily be found 
in terms of Eandy. Using the facts that the system of principal- 
stress curves is shown to contain a family of straight lines, it is 
possible to establish explicitly the relations between the ‘“natu- 
ral’”’ coordinates (¢, 7) and a given fixed system of coordinates. 

In cases in which the system of straight tension lines is not 
parallel, the original analysis and the present analysis lead to 
different results for the displacements. 

A solution of the following problem is given. A flat circular 
ring, stiffened along the edges, is acted upon by tangential stresses 
along inner and outer edges. The tension lines start from the 
inner edge of the ring at a constant angle with the radius from the 
center of the cirele to their starting point. 

This is the first problem solved in this theory which leads to 
nonparallel tension lines. Stresses and displacements are de- 
termined and the latter compared with the displacements which 
would result from the original theory. 


H. REISSNER, Chicago, III. 
Elastic Instability of Thin Cylindrical Panels 
(In collaboration with A. Schleusner) 


UCKLING of closed cylindrical shells has been treated 

extensively by various authors but the related problem of 
instability of cylindrical rectangular panels has not been investi- 
gated to the same extent. 

Buckling of shells can be interpreted as the action of initial 
stresses which are in equilibrium with the boundary and surface 
loads as long as the deflections are sufficiently small but which 
give rise to an apparent buckling surface loading if squares and 
products of the deformation components are not negligible. 

In this paper it is shown, and illustrated by examples of 
characteristic cases, that the states of transition to instability 
and the corresponding deflection functions are determined by 
simple particular integrals if the following conditions are 
fulfilled: 

(a) The boundary conditions must be such that at least two 
opposite edges are either simply supported transversely to the 
middle surface or have fixed ends without being supported 
transversely. 

(b) The initial stresses must be variable only in the direction 
parallel to these edges. 

If all of the four edges are supported in one of the manners 
stated and the stresses are constant in both directions the par- 
ticular integrals are single termed and the determination of the 
buckling stress is especially simple. 

If only two opposite edges fulfill the condition of simple sup- 
port or simple fixing then each integral consists of four terms 
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necessary and sufficient to fulfill arbitrary conditions on the 
other two edges. 

The possibility of extending the method previously given for 
the buckling of rectangular plates to rectangular cylindrical 
panels is due to the fact, to the author’s knowledge not observed 
until now, that the set of differential equations belonging to this 
problem is of even order in all the differential coefficients and 
has simple particular integrals if the two boundary conditions 
on each of two opposite edges are either both even or both odd in 
the differential coefficients. 


E. F. RELF, Teddington, England 


Experiments on the Effects of Surface 
Roughness 


HE IMPORTANCE of roughness effects at high Reynolds’ 

numbers was first suggested by the experiments of Nikuradse 
on the resistance of rough pipes. Tests of airfoils were made in 
the compressed-air tunnel to see if similar effects would be ob- 
tained. Using standard airfoils of 8-in. chord giving test Reyn- 
olds’ numbers up to 8 X 10°, it was found that large increases 
of drag due to roughness were produced at the upper end of the 
range but that at Reynolds’ numbers below 106 no effect was pro- 
duced by a small degree of roughening. One test was subse- 
quently made on a 2-ft-chord airfoil by the pitot-traverse 
method up to a Reynolds number of 24 X 108. The effects of 
roughness on maximum lift and on the drag of a streamline body 
were observed. In one case the back half only of an airfoil was 
roughened. Tests have also been made with various forms of 
surface discontinuity such as rivet heads and lapped-plate joints. 
This work emphasizes strongly the importance of securing 
smooth and unbroken surfaces; and the degree of smoothness 
necessary to avoid drag increase is finer as the Reynolds number 
increases. The experiments give a sufficiently accurate rule of 
thumb for the designer to tell whether a certain roughness will or 
will not result in a drag increase. A limited number of full-scale 
tests in flight by the pitot-traverse method confirm the model 
work, and bring out the further point that in the free air, roughness 
effects may sometimes be greater than would be expected from 
wind-tunnel results because of adverse movement of the tran- 
sition point. 


D. RIABOUCHINSKY, Paris, France 


On Some General Problems Concerning the 
Motion and Resistance of Compressible Fluids 


(French) 


‘THE PAPER contains preliminary remarks on the general 

properties of subsonic, sonic, and supersonic motions of 
compressible fluids, with introduction of the variables ¢, yn, 
yv2, and t. The case of nearly rectilinear motions is discussed 
and also extension of the two-dimensional theory of complex 
variables to the three-dimensional case with the variables 
xz + iy, x + jy, and xz + ky. There follow discussions of the 
solution of supersonic problems having discontinuities of various 
orders; the shape of the body of least wave resistance; some 
experimental methods of research; the two domains of resistance 
in supersonic speeds; the critical angle of attack of an airfoil; 
and planes that reflect waves. 
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E. G. RICHARDSON, Newcastle-on-Tyne, England 


The Measurement of Correlation in Fluid 
Motions 


FoR THIS purpose it is customary to use a pair of hot-wire 

anemometers. The fluctuations in the current which heats 
them are conveyed to an electrodynamometer or cathode-ray oscil- 
lograpb in such a way that the final readings of the instrument 
give directly, or by calculation, the correlation coefficient between 
the fluctuations. Applications of this type of apparatus to 
the measurement of the propagation of supersonic waves through 
a gas are first described, in which the one-to-one relation, normally 
subsisting between the fluctuations at two stations, an integral 
number of wave lengths apart, fails when there is dispersion of the 
frequency. 

In the second part of the paper an optical correlation meter 
and its application to the measurement of the turbulence induced 
by a grating in a water channel are described. The method re- 
quires a pair of narrow light beams passing athwart the channel 
at the two stations concerned and falling on a balanced pair of 
photoelectric cells in a Wheatstone-bridge circuit. The fluctua- 
tions in the stream are impressed on thin bands of color intro- 
duced in the form of a soluble dye at each station, and these in 
turn interrupt the light beams falling on the cells. The calibra- 
tion of the apparatus is described and also its use in the measure- 
ment of correlations in the turbulent flow (a) in a direction across 
the stream, (6) in a direction parallel to the stream, and (c) in 
the subsequent passage of a fluctuation downstream. The rela- 
tive merits of the hot-wire and optical methods for various types 
of turbulent flow are then discussed. 


B.G RIGHTMIRE, see PETERS 


C. G. A. ROSSBY, Cambridge, Mass. 


On the Role of Isentropic Mixing in -the 
General Circulation of the Atmosphere 


1B ONE ACCEPTS the growing body of evidence of the exist- 

ence of large-scale isentropic eddy motions in the atmosphere, 
it follows that strong frictional forces must develop between 
adjacent current filaments in the same isentropic sheet. In the 
case of a straight parallel-current system moving through a 
surrounding resting atmosphere the resulting frictional volume 
forces will, in combination with the Coriolis force, produce trans- 
versal movements from high to low pressure near the axis of the 
current and from low to high pressure further away from and on 
both sides of the axis. 

For a prescribed gradient of wind distribution it is possible to 
compute numerically the corresponding transversal velocities, 
provided the value of the isentropic-eddy viscosity is known. 
From the equation of continuity one may then compute the ver- 
tical velocity components. 

This procedure was applied to a current system consisting of a 
broad belt of westerly winds on top of an east-wind belt next to 
the ground. A transversal-circulation pattern was obtained, 
consisting of one cell next to the current axis in which the circu- 
lation is direct, i.e., in the same direction as the circulation ac- 
celeration produced by the solenoids, and two surrounding cells 
in which the direction of circulation is reversed, i.e., directed 
against the solenoidal circulation acceleration. From the speed 
at which the air crossed the isentropic surfaces the distribution of 
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heat sources and cold sources required to maintain the system 
was computed. 

The significance of the investigation lies in the establishment 
of the need for a system of reverse circulations serving as brakes 
on the general circulation. The relation between the theoreti- 
cally derived brakes and the anticyclonic eddies observed on 
our isentropic charts is analyzed in some detail. 


HUNTER ROUSE, Pasadena, Calif. 


Experiments on the Mechanics of Sediment 
Suspension 


[FSP!TE its importance to the study of sediment transpor- 

tation, the theory of sediment suspension through fluid 
turbulence has not yet been fully verified. This theory presumes 
a state of equilibrium between the convection due to turbulence 
and the settling of the sediment; the concentration ¢ at any 
elevation y then depends upon that at some reference level a, 
upon the settling velocity w, the distribution of the mixing 
length J, and the velocity of fluctuation v’ 


In order to test the validity of this fundamental relationship, 
an apparatus was constructed wherewith the product « = Av’l 
could be maintained essentially constant throughout a consider- 
able fluid volume. Equation [1] then takes the form 


wly—a) 


The turbulent mixing was produced by means of an electrically 
driven lattice structure oscillating vertically in a cylindrical 
glass tank. The amplitude of the agitator remained constant 
and the intensity of mixing was governed by the frequency of 
oscillation. Representative samples of the suspension could be 
drawn off by pipette at any desired level. 

Nearly a hundred distribution curves were determined over a 
vertical range of 50 cm, using mixtures of water and quartz sands 
of approximately !/4, '/s, '/is, and mm diam. Concentra- 
tions varied from 0.002 to 4 per cent by weight, and the agitator 
frequency from 0.5 to 5 cycles per sec. Since the experiments 
permitted direct measurement of c/c,, w, and y — a, the quan- 
tity « could be computed from Equation [2]. Plots of ¢ against 
the agitator frequency yielded almost identical curves for 
each of the four sediments, regardless of particle size or con- 
centration. 

A composite dimensionless plot of all data taken in the region of 
fully developed turbulence evidenced satisfactory agreement with 
Equation [2], indicating that analysis of the suspended load of 
streams according to the existing theory is fully justified. 


BERNARD SALOMON, Paris, France 


Dynamic Dampers With Pendular, Oscillating, 
and Freely Rolling Masses 
WE HAVE studied varied constructions, several of which 
have received wide application. 


One-Stage Systems. These comprise one or several independent 
masses m; each of which constitutes in itself a rolling body, and 
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oscillates freely while rolling directly upon a race (concave in the 
“Rollform”’ system or convex in the “‘Ringform’’ system) in- 
tegral with the rotating shaft of angular velocity a. 

The frequency proper of the centrifugal pendulum m; is in ratio 
with a. 

For each harmonic n there is maximum efficiency for a certain 
relation (which is independent of a) between this frequency 
proper and the harmonic frequency. In particular cases this re- 
lationship corresponds to resonance. 

It is possible to compensate the higher barmonics with or 
without bifilar suspension. 

Characteristic features are: Circular diagrams of @ and §, 
(09 = angular displacement of the mass axis); right-angled 
clusters; homothetic center; comparison with viscosity dampers; 
and electromagnetic similitudes. 

Systems of Two or More Stages. The second stage comprises 
one or several masses m2, each of which rolls freely upon at least 
one mass of the first stage. The generalization includes: 


(a) Possibility of acting simultaneously against 2, 3 
harmonics. 

(6) Possibility of astricting certain masses of stage g, where 
q ~ 1, to vibrate parallel to themselves within the relative move- 
ment, this by purely dynamic means, without additional links, 
and in particular without bifilar suspension. 

(c) Specific equations of the permanent norm. 
characteristic features. 

(d) Determinants 6 (of p rank) and A (of p + 1 rank), fune- 
tions of n and independent of a. 

(e) Fundamental part played by the fictive moment of inertia 
A/é, funetion of n, independent of a, finite or infinite, positive or 
negative. 

(f) Oscillation planes perpendicular to the axis (case of tor- 
sional oscillations), or containing the axis (case of flexional os- 
cillations). 

(g) Spherical centrifugal pendulums for the simultaneous 
compensation of torsional and flexional oscillations. 

(h) Constructional characteristics of different systems. 

(i) Basis for a general theory covering different types of 
dampers. 

(j) Results obtained in applications: aviation, stationary 
engines, and automobiles. 


Generalized 


M. SALVADORI, Rome, Italy 


The Work of the Italian National Institute for 
the Application of Calculus 


HE ITALIAN National Institute for the Application of 

Calculus (I.A.C.) has the following aims: To help technical 
and experimental researchers in the mathematical analysis of 
their problems; To improve known methods of mathematical 
analysis and to create new ones in order to be able to give the 
aforesaid help; to collaborate with or to be consulted by private 
persons, public institutions, and industrial works in mathematical 
researches of a scientific or engineering kind. 

The main part of the paper, which is a summary of the work 
done at I.A.C. from 1934 to 1938 (by M. Picone, Director of 
I.A.C.), gives information about more than 120 researches in 
the most varied scientific and technical fields: strength of ma- 
terials; mathematical theory of elasticity; statics and dynamics of 
aeronautical, naval, civil, and railway structures; vibration prob- 
lems; iron-concrete theory; bridge theory; bydraulics; rail- 
ways; radio; aerodynamics; earth physics; optics; industrial 
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economics; finance; economical dynamics; heat transfer; ballis- 
ties; and so on. 

To explain the kind of work done at I.A.C. the following re- 
searches are reported in some detail: 

(a) Stresses in a squared plane frame, loaded uniformly over 
its external contour. 

(b) Calculation of an air chamber of a closed conduit, with 
special consideration of water hammer. 

(c) Vibration of the wings of an airplane due to gusts. 

(d) Dynamical effects of a moving load over an iron bridge. 


A. EL-SAWY, Giza, Egpyt 


Mean-Pressure Indicators for Internal- 
Combustion Engines 


T IS NOTICEABLE in normal indicator diagrams, taken 
from the same engine at different speeds and loads, that the 
point in the stroke where the pressure is equal to the mean ef- 
fective pressure is nearly the same for all. Hence if a pressure- 
measuring device is made to communicate with the engine cylin- 
der at this point, once during the expansion stroke and once dur- 
ing the compression stroke, the difference between the two 
pressure readings is a measure of the gross mean effective pres- 
sure. Theoretical proof of this is given as well as evidence 
from published indicator diagrams and from new test results. 
The method applies only to internal-combustion engines working 
on the Otto cycle or approximating to it. 


H. A. SCHADE, Washington, D. C. 


Application of Orthotropic-Plate Theory to 
Ship-Bottom Structure 


"THE BASIC element of ship structure is the flat plate, with 

an orthogonal system of stiffening members. Ordinarily the 
stiffening members are uniform and uniformly spaced in each 
direction or at least, approximately so. The spacing is usually 
close enough so that, when the assembly is under bending loads, 
the effective width of plating between stiffening elements ap- 
proximates unity. It is proposed to treat such an assembly 
of plating with an orthogonal system of stiffeners as a homo- 
geneous orthotropic plate, the unit stiffness of which in each 
direction is equal to the unit stiffness of a repeating section of the 
actual plating with its stiffeners. 

The method is applied to the bottom structure of a ship under 
hydrostatic bending loading. In this case the central keel is 
usually much stiffer than the other longitudinal stiffening mem- 
bers, so that the bottom can be handled as an orthotropic plate 
with an additional stiffening member in the middle. The theory 
of the orthotropic plate is extended to cover this case. 

The differentia] equations of the equivalent orthotropic plate 
are derived by consideration of the static equilibrium of an ele- 
ment, and an expression for the unit strain energy set up. By 
applying the method of variations, an approximate solution is 
It is shown that in usual ship construction the spacing 
of the transverse bulkheads, which bound a panel of the bottom 
structure, is such that the effect of each bulkhead may be re- 
garded as independent of the effects of the adjacent bulkheads. 
This simplification leads to comparatively simple formulas for 
the maximum deflection and stresses in the ship’s bottom. These 
can be usefully employed in design. The most important 
are the formulas for maximum deflection and maximum direct 
stress in the longitudinal direction, since the latter is additive to 
the longitudinal stress due to bending of the ship as a whole. 
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LUDWIG SCHILLER, Leipzig, Germany 


Vortex Photographs as Means for the Quan- 
titative Analysis of the Development of 
Turbulence and Resistance 

(German) 


AT THE THIRD International Congress in Stockholm (1930), 

the author indicated a method of determining from photo- 
graphs of the flow at the entrance of a tube (color threads) the 
strength of the vortexes arising in that region through the rolling 
in of the surfaces of discontinuity. The essence of the method 
is to set the circulation of the vortexes equal to that of the section 
of the surface of discontinuity from which the vortexes de- 
veloped. This method had, at the time (Naumann), already 
allowed the development of the first criterion for the vortex 
strength of entrance disturbances which change the laminar flow 
into a turbulent one. The further treatment of the same ques- 
tion by Kurzweg led to a simple criterion, valid for entrances of 
widely varying forms: ‘Turbulence arises if the circulation of the 
vortex disturbances, referred to a length equal to the tube radius 
a and divided by the kinematic viscosity », is 1170.” The same 
criterion also proved to be valid for a plate in a parallel stream, 
and for a channel formed by two parallel plates (Naumann), 
if the radius a is replaced by the boundary-layer thickness 4, or 
half the distance between the plates. 

In agreement with the existence of a limiting Reynolds number, 
below which no turbulence occurs in pipes, newer studies by 
Hahnemann have shown that, as this limiting number (Re, = 
1160) is approached, the critical disturbance figure rapidly 
rises (highest measured value (Z/v)crt. = 102,000). There is 
thus found in the Z/» versus Re-plane a curve for the limiting 
circulation value which separates the laminar region from the 
turbulent one. 

As a further field of application for the photographic study of 
vorticity, the resistance determination of the flow through tubes 
was undertaken (Schiller and Naumann). This determination 
rests on the observation that the resistance in the turbulent re- 
gion far from the entrance is essentially the same as in the re- 
gion of the vortex trail nearer the entrance. Since the arrange- 
ment and intensity of these vortexes are shown by the photo- 
graphs, their dissipation can be calculated: On account of the 
quasi-stationary character of the conditions, the dissipation must 
be equal to the energy of resistance. Approximate agreement 
was attained in this way with the measured resistances; in the 
simplest case of a rounded entrance (in which no vortex unions 
take place), good agreement was found with Blasius’ law. It 
may thus be said: “The vortex trail, from which a turbulent 
flow develops, determines the latter’s dynamics quantitatively.” 

Further efforts are being devoted to a similar determination of 
the resistance of three-dimensional bodies from their vortex trails. 


F. SCHOBLIK, see CHWALLA 
G. B. SCHUBAUER, Washington, D. C. 


The Effect of Turbulence on Transition in the 
Boundary Layer of an Elliptic Cylinder 


With THE financial assistance and cooperation of the Na- 

tional Advisory Committee for Aeronautics, a boundary- 
layer investigation was conducted on an elliptic cylinder with 
major and minor axes 11.78 in. and 3.98 in., respectively. The 
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cylinder was 4'/; ft long and was placed in a 4'/.-ft octagonal 
wind tunnel with the major axis of the ellipse parallel to the wind 
stream. 

By using a hot-wire anemometer, the speed distribution 
through the boundary layer was determined at a number of posi- 
tions around the surface between the leading and trailing edges, 
first, with a stream turbulence of 0.85 per cent and a wind speed 
of 70 ft per sec, and second, with a stream turbulence of 4 per 
cent and a wind speed of 60 ft per sec. The results indicated 
that stream turbulence had a marked effect on the position and 
nature of transition from laminar to turbulent flow. A more de- 
tailed study of the effect of turbulence on transition, including 
the effect of the scale of the turbulence as well as its intensity, 
was made with the aid of a device, incorporating a hot-wire 
anemometer, that enabled changes in speed to be followed from 
point to point around the surface at a small fixed distance from 
the surface. 

In this way the point of minimum skin friction was found, 
and identified with the beginning of transition. Stream tur- 
bulence of known scale and intensity was produced by screens 
of different mesh size placed in the tunnel upstream from the 
elliptic cylinder. The position of transition was found to be a 
function of the intensity divided by the fifth root of the scale of 
the turbulence. 


F. SCHULTZ-GRUNOW, Gottingen, Germany 


Concerning Turbulent Flow as Affected 
by Deceleration With Respect to 
Space and Time 


(German) 


NVESTIGATIONS in a diffuser and a boundary layerin space- 

retarded flow show profiles of the shear stress with a maximum 

in the interior of the flow. The same phenomenon has been 

shown by investigations in a pulsating flow through a pipe line 

when there was sufficiently strong deceleration with respect to 
time. 

If one makes the hypothesis that the change of the state of tur- 
bulence, due to time or space variation of the shear stress at the 
wall progresses in the interior of the flow with a certain finite 
speed, then, with certain additional assumptions, the tests in 
diffusers as well as in pipe lines with pulsating flow give non- 
dimensional profiles of the speed of progression, which are 
approximately alike. With these, profiles of shear stress and 
velocity which are in good agreement with the tests can be cal- 
culated for diffusers of various divergence angles and for de- 
celerated flow in pipelines. The separation as calculated starts 
somewhat too early. 

For hyperbolic deceleration in pipe lines, the calculations show 
the maximum of the shear stress at an increasing distance from 
the wall with increasing decelerations, which agrees with observa- 
tions on diffusers. 

A new criterion for flow separation on plane surfaces is derived 
under the simplifying assumptions that the maximum of the 
shear stress in a boundary layer of a space-retarded flow occurs 
on the same streamline as observed in a diffuser and that the 
separation is defined if the velocity on this streamline becomes 
zero. 

The new criterion is simpler in its application and agrees 
at Jeast as well with experimental results as the criteria pre- 
viously used. 

For the unsteady separation an increasing delay of the 
beginning of separation with increasing hyperbolic deceleration is 
calculated. 
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W. R. SEARS, Pasadena, Calif. 


A Contribution to the Airfoil Theory for 
Nonuniform Motion 


HE FORCE and moment acting on an airfoil in nonuniform 

motion are here determined by a calculation of the momen- 
tum and moment of momentum of the flow associated with the 
system of vortexes consisting of the airfoil and its wake. The 
method used is similar to that employed by von Kdrman and the 
present author in an earlier paper, in which the case of a two- 
dimensional plane airfoil was considered, and it was assumed 
that the motion of the airfoil was such as to produce a plane wake. 
In the present paper the method is extended to the following more 
general cases: 

(1) The case of a cambered thin airfoil of infinite aspect ratio, 
moving so as to produce a vortex wake of any shape. 

(2) The case of a plane wing of finite span, moving so as to pro- 
duce a wake which may be considered plane. 

The general formulas thus obtained are applied to certain 
special cases. In the three-dimensional case 2, the results are 
obtained by an approximate calculation for the case of the 
harmonic oscillation of a wing of finite but reasonably large aspect 
ratio. The results are compared with those of Theodorsen, 
Kiissner, and Miss Morris, and certain discrepancies which appear 
in the cornparison are explained. 


L. A. SEDER, see TOWLE 


E. L. SHAW, see ARNSTEIN 


R. H. SHERLOCK, Ann Arbor, Mich. 


Discussion of Atmospheric Turbulence 


()BSERVATIC INS were taken during a winter storm with ten 
sensitive anemometers mounted on a 250-ft tower. 

The variation of velocity with height, as given by the observa- 
tions on the tower and the computed gradient velocity, showed a 
fairly close approximation to the Ekman spiral. 

Correlation coefficients were computed from velocity observa- 
tions at pairs of stations varying from 25 to 225 ft apart. Read- 
ings, taken simultaneously at every station at 300 consecutive 
one-second intervals, were used. A series comprising 299 terms 
was obtained for each station by taking differences between read- 
ings at successive one-second intervals. Correlation coefficients 
were computed for pairs of such series. It was found that the 
average coefficients were closely approximated by the curve 
C.F. = «Y — 4)/8, where y is the distance between stations and 
A and B are experimental constants. 


T. K. SHERWOOD, see TOWLE 


ABE SILVERSTEIN, Langley Field, Va. 


Wake Characteristics and Determination of 


Profile Drag by the Momentum Method 


HE THEORETICAL methods for calculating the profile 
drag from measurements of the total and static pressures in 
the wake of a body involve assumptions that require experimental 
justification. For this purpose and also in order to study in de- 
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tail the wake characteristics, extensive measurements have been 
made in the wakes of several airfoils at large Reynolds’ numbers. 

The profile-drag results obtained by applying the equations of 
Betz and Jones to momentum measurements at different distances 
behind an airfoil have been compared for a number of airfoils 
with corresponding balance measurements and all are in essential 
agreement. The effect of the induced flow on the profile drag 
has been investigated by measuring the profile drag at several 
sections along the span of a rectangular airfoil. Although the 
vorticity in the wake varies, the section polars are shown to be in 
agreement over the span of the airfoil until close to the wing tips. 
The results indicate that the errors involved in the assumptions 
of the momentum method lie within the experimental accuracy of 
from | to 2 per cent. 

The spread of the wake behind the airfoil and the wake velocity 
profiles have been analyzed and compared with the theory of 
Prandtl and Schlichting, and expressions are derived in which 
the wake width and velocity deficiency are given in terms of the 
wing profile drag and distance behind the trailing edge. 


D. M. SMITH, Manchester, England 


Deflection and Stress in Built-Up Half 
Diaphragms 


ALCULATIONS are made by approximate methods for a 

built-up half diaphragm as used in steam-turbine practice. 
The diaphragm consists of a flat half annulus carrying on the 
outside a row of separate radial blades; it is supported at the 
periphery of the blade row and is loaded by steam pressure. 
Results are given for the maximum deflection of the diaphragm, 
the maximum stress in the center, and the maximum bending 
moments in blade section and in blade fastening. The correla- 
tion of loading in deflection tests under hydraulic rams with 
steam loading in service is discussed. 


RICHARD H. SMITH, Cambridge, Mass. 


Curvilinear Dynamics of Airships Based on 


Bowed Models 


‘THE EQUIVALENCE of a bowed airship in rectilinear 

motion, or its model in a wind tunnel, and a straight airship 
in circular motion is studied and the transformation equations 
for both form and air reactions are developed. As a check upon 
the validity of the method, a spheroid with its axis bowed and its 
surface inlaid with pressure-collecting tubes was made and 
tested for surface pressure in a wind tunnel. The results are 
compared with theory as developed by Jones, and with whirling- 
arm tests on the equivalent straight spheroid in circular motion. 
The bowed-model pressures agree with theory much better than 
the whirling-arm pressures and seem to verify the validity of the 
bowed-model method. 

Three models of the airship Shenandoah, with their axes 
bowed to different radii of curvature and their surfaces inlaid 
with pressure tubes, were then made, and tested with and with- 
out tail surfaces, in a wind tunnel for air force, moment, and sur- 
face pressure at various air speeds, yaw attitudes, and rudder 
angles. The results are used in solving three important prob- 
Jems in the curvilinear dynamics of airships: (a) the evaluation 
of the criteria for dynamic stability, (6) the determination 
of the path radius and the rudder angle which are associated 
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with a given angle of yaw at the centroid for foree and moment 
equilibrium in a steady turn, (c) the determination of the shear 
and bending moments on the body from the surface pressures for 
circular motion. 

In each case the bowed-model solutions are compared with the 
solutions which were previously obtained either from analysis or 
from tests on models or full-scale craft belonging to the Shenan- 
doah class. The results are presented in a number of figures. 
The bowed-model method of analyzing the dynamics of airships 
in curvilinear motion is found to be satisfactory and to have 
many advantages over the older methods. 


C. RICHARD SODERBERG, Philadelphia, Pa. 


Plastic Flow and Creep in Polycrystalline 
Materials 


‘THE PROBLEM under discussion concerns the physical be- 

havior of metals in the twilight zone between the solid and 
the liquid state, as exemplified by carbon steel at 850 F. An 
attempt is made to portray the essential physical characteristics 
of these materials by a differential relation of the form 


do = + yde, — ddt 


where ¢ is the stress, e, is the plastic strain, €, = de,/dt is the 
plastic-strain rate, and ¢ is the time; do is not an exact differen- 
tial. The coefficients ¢, ¥, and @ which are assumed to be func- 
tions of all the variables, represent the properties of viscosity, 
strain hardening, and annealing, respectively. The annealing is 
a generalization of the concept of relaxation defined by Maxwell. 

The discussion is restricted to the case of unidirectional tension 
and to small plastic deformations, where the change in section of 
the specimen is imperceptible. The typical creep curves at con- 
stant stress appear to follow a certain pattern, which may indi- 
cate that ¢ and @ are functions of stress and temperature only, 
while y is proportional to the plastic-strain rate, and the constant 
of proportionality is a function of temperature only. The ex- 
perimental data now available do not suffice to determine 
uniquely these differential coefficients, however, and the pro- 
posed explanation is only one of many possible alternatives. 

In order to reach a more complete understanding of the nature 
of these differential coefficients, it is necessary to resort to other 
methods of testing, in addition to the tests at constant stress. 
The different alternatives available are discussed in the light of 
these hypothetical material properties. It is shown that creep 
tests with uniformly varying stress may yield valuable results, 
which will complement those obtained by present methods. 
Systematic research in this direction may eventually yield a re- 
liable short-time creep test. 


W. SPANNHAKE, Karlsruhe, Germany 


Three-Dimensional Turbine Theory With 
Application of the Methods of Prandtl’s 
Airfoil Theory 

(German) 
ASICALLY, Prandtl’s airfoil theory replaces a body in a 


moving fluid by a fictitious vortex distribution without 
change in the flow pattern. Euler’s equation can be retained in 
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principle if the forces acting on the body are replaced by a special 
system of forces in the fluid. This idea has not yet been fully 
applied to the investigation of flow around blades of water tur- 
bines and centrifugal pumps with finite numbers of blades or to 
the determination of blade forms. The theories of Bauersfeld, 
Lorenz, and von Mises make use of Prandtl’s concept of the “‘lift- 
ing space;” they restrict themselves, however, to the two- 
dimensional problem by assuming an infinite number of blades. 
A special solution by I. Lotz and a first attempt to investigate the 
mutual blade interference for the three-dimensional problem by 
E. Weinel have been presented at the former Congress meeting in 
England, 1934. 

In this paper the problem is treated most generally. There 
serves as the base of the problem Euler’s equation for nonsteady 
flow, extended by the introduction of the space forces 


+ ggrad H X rote = Kg/, 


in which H = p/y + h + c*/2g = energy per unit of weight 
K = lifting space force per unit of volume, c = absolute velocity. 
Secondly, the analogy to the airfoil theory and the differences 
between it and turbine runner in enclosed flow are shown. It is 
then proved that, for a finite number of blades and practical 
housing and wheel forms, interference exists, not only from blade 
to blade as often investigated, but also from the housing walls 
and from the runner disk. Finally, a comprehensive analysis is 
given of an example of a one-bladed turbine which can be con- 
sidered an extreme case of a high-speed low-head turbine. 


A. H. STANG, M. GREENSPAN, W. R. OSGOOD, 
Washington, D. C. 


Strength of a Riveted Steel Rigid Frame 
Having Straight Flanges 


N RECENT years rigid frames have found increasing use in 
the construction of bridges, auditoriums, hangars, ware- 
houses, and the like. In this type of construction component 
members are connected so as to prevent relative rotation of the 
ends at any connection. For most types of rigid frames there 
has been no satisfactory method of computing the stresses at the 
knees, that is, at the junctions of component members. There- 
fore many designers have avoided the use of rigid frames. 

The National Bureau of Standards, with the cooperation of the 
American Institute of Steel Construction, has carried out an ex- 
perimental investigation on three types of rigid frames, and a 
parallel theoretical investigation of two of them, which makes 
possible more accurate design of these two types. The test pro- 
cedure and method of analysis are described for the first rigid- 
frame specimen investigated. 

The distribution of stress in the specimen was determined from 
strain measurements for various conditions of loading. The 
ordinary beam theory was found to apply in the legs of the speci- 
men. A fairly simple Airy stress function was found to represent 
the distribution of stress in the knee. The results of theory and 
test were considered to agree within the experimental errors. It 
was found, as would be expected, that the normal stresses at the 
outer corner of the knee were low and at the inner corner high. 
The maximum shearing stress occurred between the middle of the 
knee and the outer corner. Higher normal stresses and higher 
shearing stresses were obtained in the knee than in the legs. 
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A. V. STEPHENS, Cambridge, England 


Hot-Wire Experiments in Flight 


REVIOUS flight experiments on the boundary layer have 

consisted of explorations with pitot tubes of small bore which 
are incapable of detecting rapid fluctuations in velocity. An in- 
vestigation into the phenomenon of transition on smooth wings in 
flight along these lines has so far failed to elucidate all the causes 
of transition, or to enable the circumstances in which it will occur 
to be predicted. Discrepancies between the Reynolds numbers 
at transition on different airplanes, and even upon upper and 
lower surfaces of the same wing, led to the suggestion that the 
phenomenon might be partially governed by fluctuations in ve- 
locity or thickness of the laminar part of the layer, which would 
not have been detected with pitot tubes. Such fluctuations have 
been observed in wind-tunrel experiments both in England and 
America. 

An attempt has been made to study fluctuations in the bound- 
ary layer in flight by means of a hot-wire anemometer operating a 
cathode-ray oscilloscope. Numerous photographie records have 
been obtained with this apparatus in a two-seated airplane. The 
results from the boundary layer are complicated by vibration 
effects, and it is as yet uncertain if these can be satisfactorily 
eliminated. The same apparatus has also been used to obtain 
records of the turbulence in the free atmosphere, both under 
smooth-air conditions at high altitudes and in bumpy air near the 
ground. Although continuous fluctuations of the order of 1 ft per 
sec were found under the latter conditions it appears from the 
records that the eddies causing them were too large to form pres- 
sure gradients likely to influence the boundary layer. It is con- 
cluded that even near the ground transition cannot be caused by 
atmospheric turbulence. 

The paper includes a description of the technique of using the 
hot-wire anemometer in flight and a discussion of the results 
obtained. 


J. L. SYNGE, Toronto, Canada 


The Stability of Plane Poiseuille Motion 


Y PLANE POISEUILLE motion we understand steady 
laminar flow of a viscous liquid between fixed parallel 
planes. Taking a small disturbance in the plane of steady mo- 
tion, with periodicity in the direction of steady motion, Orr, in 
1907, established stability for R < 117 (R = mean velocity X 
width of channel/kinematical viscosity), since under this condi- 
tion the energy of the disturbance decreases. In the present paper 
the vorticity integral or measure of turbulence is used instead 
of the energy integral: This is / /"w*dS, where w is the vorticity of 
the disturbance. Conditions under which this necessarily de- 
creases are found and they lead to the conclusion that the motion 
is stable if R < 206. It is not necessary to use either the integral 
of energy or the vorticity integral in these discussions. If, in the 
usual manner, a time factor e” is introduced in the disturbance, 
together with a factor periodic in the direction of flow, an ordinary 
differential equation is obtained: o must take certain character- 
istic values if this equation is to be consistent with the boundary 
condition. By operating on this differential equation in two 
different ways we are led to conditions of two different types 
under which the real part of ¢ is negative, and consequently there 
is stability. The mathematical formulations of these conditions 
prove to be identical with those obtained by consideration of the 
integrals of energy and vorticity. 
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E.S. TAYLOR, Cambridge, Mass., K. A. BROWNE, 
Paterson, N. J. 


Vibration Isolation of Aircraft Engines 


RIEF CONSIDERATION is given to sources of vibration 

in aircraft power plants, including engine unbalance, 
engine torque due to gas pressure, propeller unbalance, and the 
variation of propeller pitch from blade to blade. 

Vibrations from these sources, when they are transmitted 
to the aircraft structure, often produce high stresses and dif- 
ficulties with instruments as well as discomfort to passengers 
and crew. 

Certain free-vibration characteristics of the power plant are de- 
sirable in order to isolate its vibration. By modifications in the 
basic nature of the conventional elastic supporting structure, it has 
been found practical to obtain almost ideal free-vibration charac- 
teristics. The problem centers about reducing elastic coupling 
between angular motion and linear motion of the power-plant 
center of gravity. Several methods are described by which such 
elastic coupling can be eliminated without the necessity of placing 
the plane of the elastic supporting structure so as to contain the 
center of gravity. 

In the analysis, the power plant is considered as a special case 
of an elastically supported rigid body. The effect of gyroscopic 
and aerodynamic coupling and the problem of stability are in- 
cluded. 

Successful engine mounts designed according to the analysis 
are briefly described. 


TH. THEODORSEN, Langley Field, Va. 


The Flutter Problem and Its Technical 
Aspects 


N A MECHANICAL system of two degrees of freedom in an 
air stream, under certain circumstances, it will occur that, 
with increasing stream velocity, the respective frequencies will 
approach each other and finally coincide, while at the same time 
the effective air damping will first increase, then decrease, and 
then, on reaching the flutter point, vanish. 

To write down the equations governing the conditions at the 
flutter point it is first necessary to know the aerodynamic co- 
efficients. 

In the previous literature estimated values were resorted to, or 
rather heavy series expressions were employed. The author in- 
troduced in 1934 the function C(k) which may be considered the 
fundamental function of the flutter theory, since all the aerody- 
namic coefficients are given by it. 

The resulting much simplified treatment of the theory has 
later been verified by Cicala and Kiissner. 

As regards the technical application of the theory, considerable 
advances have been made. Fortunately, the simple two-di- 
mensional theory is adequate to describe the existing conditions 
with sufficient technical accuracy. A few modifications are, of 
course, necessary but these modifications apparently can be 
handled in simple manner; certain “weight factors” and ‘‘cou- 
pling factors” have been introduced for this purpose. 

The actual prediction of flutter speed involves the measure- 
ment of several material constants. The development of the 
technique of obtaining these constants is one of the important 
details in the flutter problem. 
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STEPHEN P. TIMOSHENKO, Palo Alto, Calif. 

Bending of Rectangular Plates With Clamped 
Edges 


‘THE PROBLEM requires the integration of the differential 
equation 


otw 4 ow q 
ox dx%y? 


subject to the boundary conditions 


where 


w is the deflection of the plate 
q is the intensity of the lateral load 
D is the flexural rigidity of the plate. 


The proposed method of solution can be applied to any kind of 
loading and consists in combining the known solutions for simply 
supported plates loaded laterally with those for simply supported 
plates loaded with bending moments distributed along the edges. 

As an example, for a square plate a X a with load P at the 
center and coordinate axes coinciding with the symmetry axes, 
the slope of the deflection surface in the case of simply supported 
edges is 


ow _ Pa a,, tanh a,, 13] 
dy /y=—a/2 m? a cosha,, 


1,3,5,.. 


w here a,, = 


The slope produced by the moments 


M, = (—1)™-D/2 cos 
a 


(—1)™-)/2 
a 


1,3,5... 


distributed along the edges is 


(=) (— mr) 
cos —— 
oy y=—a/2 a 


(ann cosh? 


To satisfy the condition at a clamped edge, we put Equation [4] ° 


equal to [3] taken with the negative sign. Hence a system of 
equations for calculating the coefficient A,, is obtained and we 
find the moment at the middle of the edges 


(M,) 


r=0, y=a/2 = (M,) 24/2, y=0~ 0.109 P 
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W. L. TOWLE, T. K. SHERWOOD, L. A. SEDER, 
Cambridge, Mass. 


Studies in Eddy Diffusion 


IFFUSION experiments were carried out at points from 60 
to 70 diameters downstream from the inlet ends of two ducts 
30.5 and 15.24 em diam, with air in turbulent flow at Reynolds’ 
numbers from 12,000 to 180,000. Carbon dioxide and hydrogen 
were introduced at the axis of the duct and concentration trav- 
erses over the central third of the duct diameter obtained at 
points up to 4 m downstream. The results were interpreted in 
terms of the calculated values of the “eddy conductivity” F, 
obtained by comparing the data with an adaptation of the Wilson 
equation for heat dissipation from a continuous point-heat source 
in a moving stream. 

The values of E obtained were of the order of 100 times the 
molecular diffusivity, and were the same for hydrogen as for 
carbon dioxide. E was found to approach an asymptote with 
increase in distance between injector tube and sampling traverse. 
The asymptotic values of F increase approximately proportion- 
ally to increase in Reynolds’ number. 

Furthermore, the eddy diffusivity was measured down. 
stream from a wire-screen grid. In the first 15 diameters down- 
stream F was less than half the value obtained with no grid pres- 
ent, but increased to approach an asymptote at about 45 di- 
ameters downstream. The asymptotic value was approximately 
equal to that obtained at the same Reynolds number with no grid 


K. F. TUPPER, Ottawa, Canada 


Contribution to the Question of the Effect of 
the Basin Walls on Ship-Model Tests 


INCE its construction in 1930, the seaplane-testing basin 

of the National Research Council at Ottawa has been re- 
quested to test ship models. The basin cross section is much 
smaller than is customarily used in ship-model work, and it be- 
came apparent that the upper and lower limits of model size 
which could be used, and which are dictated respectively by 
basin-wall interference and laminar or transition flow, ought to be 
known. 

After finding from tests of a 10-ft model in the Ottawa basin 
and check tests at the two tanks at the National Physical Labora- 
tories, Teddington, England, that there was marked interference 
with this size of model, it was decided to make a geometrically 
similar series for joint wall-interference and scale-effect investi- 
gation. 

Other models were constructed to make a series of five, each one 

/ 2 times the linear dimension of the next smaller. The whole 
series was tested in the ship tank at the University of Michigan, 
22 ft wide X 10 ft deep, and at the Ottawa seaplane basin, 9 ft 
wide X 6 ft deep. 

The results show a remarkable vindication of the Froude 
method of ship-resistance prediction. With the exception of the 
two largest models in the smaller tank, the interference effect of 
the basin walls upon residuary resistance was so small as to be 
masked by other variations. However, there appears to be an 
unexpected effect of the walls upon the skin friction, in that lami- 
nar and mixed flow occur at higher Reynolds’ numbers in the 
Jarger tank. Further evidence upon this point is needed. There 
is some slight evidence that the presence of the end walls of the 
basin exerts a measurable influence. The results are limited to 
the single shape of hull used. It is learned that interference 
effects are difficult to measure by the method used. 


J. 
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JACQUES VALENSI, Marseille, France 


Study of Aerodynamic Flow by Smoke Fila- 
ments. Measurement of Circulation Around 
Airtoils 

(French) 


WE HAVE PUBLISHED in the past many applications of 

the method of using smoke filaments which were successful 
on account of careful experimentation. This paper deals princi- 
pally with the nature of the smoke (grain size), the manner of 
distribution of the smoke in the field, and the illumination. We 
can now produce on an industrial scale dry smoke of hydrated 
ammonium chloride which can be used in any wind tunnel. Dis- 
tribution of the smoke in the field is done either in a continuous 
manner, or by small puffs of constant and controllable frequency 
which allows the determination of the instantaneous velocity in a 
nonsteady flow. The observations of the various flow lines are 
made either with stroboscopic illumination (Stroborama, with a 
flash duration of 10-6 see) which gives “emission lines,” or with 
continuous illumination of lamina in the fluid which gives the 
trajectories. 

Applying this method to an airplane propeller we have suc- 
ceeded in finding the instantaneous motion of the air behind the 
propeller and in working out a quick and precise method of meas- 
uring the mean velocity in the stream. We also were able to 
study rigorously the eddy configuration and its evolution with 
various modes of operation of the propeller. We have found for 
the reduced pitch ‘of the “marginal eddy,” h/tD = aV/QR + 6, 
in which a and b are constant coefficients determined by the con- 
struction of the propeller. 

By means of this relation it is easy to give the expression for 
the mean circulation Il’, around the marginal eddy; for a propeller 
with p blades we have 


pr aV 
b 
40S (x 


The circulation around the free eddies can then be calculated 
step by step which leads to the circulation around the various 
sections of the blade. For airplane wings the method of visual- 
ization of the kernel of the marginal eddies, which we have 
worked out, allows us to determine in a simple manner the circu- 
lation around the various sections of these kernels by measure- 
ment of the diameter of the kernel and the static pressure of the 
center line. In this manner, by measuring the transverse com- 
ponents of the air velocity near the wing, the circulation around 
the various sections can be determined. This determination is 
important, especially in connection with the many accidents 
occurring in flight. 


r 


—1)— +b 
1 + (aV/QR + b)? 
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N. F. WARD, Berkeley, Calif. 


Energy-Model Laws for Cold Extrusion of 
Plastic Materials 


THs PAPER outlines the experimental solution of the cold 
extrusion of lead, particularly for energies of flow, friction, 


and deformation. Data on extruded models of lead are corre- 
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lated by dimensional analysis to produce moduli of the process 
which are effective in predicting energy requirements for full-size 
specimens. These criteria are shown to be applicable to the 
simpler plastic forming operations of extrusion. 

The first section of the paper examines the stresses and strains 
established by cold extrusion of Jead in dies of circular contour. 
For this purpose split specimens are extruded as a whole section 
and examined for shear strain in a manner equivalent to that used 
in measuring the resistance to flow in fluids, but with the correc- 
tion for a solid material. The criterion for flow to take place is 
shown to be that the radial stress must equal the yield stress of 
the material. For extrusion velocities above 0.62 in. per min, 
and for a given die diameter, the force of extrusion is found to be 
practically independent of velocity in the usual extrusion range. 
Therefore correction of yield-stress values for velocity effect is 
not necessary at higher extrusion rates. 

The second section of this paper analyzes the flow-time curves 
by dividing them into the parts involving energy to cause flow, 
frictional loss, and energy of deformation. For this purpose the 
method of correlating data on three different dies is shown and 
for each of these three principal energy requirements, dimen- 
sional analysis produces the essential criteria. With these eri- 
teria, the experimental curves are used for predicting the energy 
requirements for dimensionally similar extruded specimens. 
Thus if an extruded bar of lead is used as a model for larger and 
smaller specimens of the same material, the rules of similarity are 
indicated by the dimensionless criteria, which are developed in 
this paper. 


YOSHIHIRO WATANABE, Fukuoka, Japan 


On Nonharmonic Oscillations 


N THE PRESENT paper, we first find an approximate method 
of solution of nonharmonic oscillations. and next discuss the 
dynamical stability of the three solutions in a forced pseudo- 
harmonic oscillation. 
By Hamilton’s principle, we have (6T + NXézx)dt 


the motion of one degree of freedom. 


0 for 


Now, putting 67 = mis, 


t 
this equation becomes f, {mi — X}érdt = 0...[1], if to and t; be 


taken as the instants at the two ends of a swing. Now let F = 
mi — X = 0 be the equation of motion under consideration, 
where X, the external forces, may involve nonconservative forces 
such as resistances. This is the fundamental equation for the 
approximate solution. An approximate expression for the form 
of the swing z, containing some arbitrary constants, can be as- 
sumed, and by inserting it in Equation [1], the unknown con- 
stants can be determined. If the number of terms is increased, 
better and better approximations are attained. This method is 
applied to several examples of free and of forced oscillations 
with quadratic resistance, pseudoharmonic and quasi-har- 
monic. 

Next, it is well known that there are three possible motions for 
the forced pseudoharmonic oscillation, when the equation of 
motion is of the form # + mz(1 + nz*) = P sin wt...[2]. Let 
xz, = A’ sin wt + A” sin 3wt be the solution in which A’ and A” 
can have three values for the same condition of motion. Sub- 
stituting c = x + zx, in Equation [2], where x, denotes the dis- 
turbed motion of small magnitude, and neglecting terms of order 
higher than z,', we get an equation for x, of the form 


#, + mx,=A, cos nwt = 0 where n = 1, 2, 8, ...... 


Whether the initially assumed motion is stable or not depends 
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on the properties of 2. If 2 increases with time, the motion of 
Xo will be unstable. This property varies with the values of A’ 
and A”. By means of Hill’s method, the stability of the three 
sets of values A’ and A” is inspected, and the conditions for sta- 
bility for various values of mand n are determined. 


E. O. WATERS, New Haven, Conn. 


Theoretical Pressure Distribution in Journal 
Bearings 


HE DISTRIBUTION of pressure and friction in a fluid-film 
bearing involves the solution of the well-known equation 


op op oh 
— As — hi — =f 
2( oz ( ze) or 


By taking p = p, — q, where p, is a function of z only, while q is 
a function of both z and z, Duffing has shown that Equation [1] 
may be replaced by two equations, the first of which is the cus- 
tomary equation for infinite-width bearings, while the second is 
a second-order partial differential equation 


0 (h*\ dq 
ox? Ox (“) ox 
which may be treated by the method of assuming a solution of the 


form g = =XZ. The partial differential equation for g is thereby 
replaced by the ordinary equations 


‘ 
(2) 


@Z,, 
and (4] 


The first of these cannot be solved in elementary functions unless 
u is taken as a restricted function of h. 

The present paper continues the problem with a more detailed 
discussion of Equation [2]. It is shown (a) that a first approxi- 
mation may be had by neglecting the second term in Equation 
[2], giving practical results for bearings having an are of S 120 
deg, eccentricity S 20 per cent, and constant 4; (b) that a second 
approximation may be had by replacing the variable coefficient of 
the second term of Equation [2] by its mean value over the 
length of the bearing, in which case the eccentricity may be raised 
to 80 per cent. The standard of comparison is the experimental 
work of Needs. 

A mathematically precise solution is obtained by making two 
substitutions in Equation [2]: First, replace q by 


wid G) 
second, replace xz by a + | Equations [3] and 
[4] then take the form 
= + [m? + ko + = O........ 


where = is a sine or cosine series in —. The purpose of the first 
substitution is to transform Equation [3] to Hill’s equation, the 
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properties of which are well known; the second substitution ad- 
justs the period of the independent variable so that periodic 
solutions of Equation [5] are the only ones required to fit the 
boundary conditions. The evaluation of the characteristic num- 


2 
ber (*=4) (m? + ko) may be done by Hill’s original method 


us 

(infinite determinant), successive approximation, or by formula. 

Different types of bearings are treated by suitable adjustment 
of the boundary conditions: e.g., fora partial bearing, p, = q = 
0 at the entering and leaving edges, and p, = q at the sides; for a 
360-deg bearing with a circumferential oil groove, p, — q = 
const at the oil groove, and p, = q at the sides. The paper 
gives the mathematical development in detail, and shows how the 
constants of integration are made to fit the boundary conditions. 
Several numerical results are included in an appendix. 


FRANK L. WATTENDORF, Tsing Hua University, 
China 


Factors Influencing the Energy Ratio of Re- 
turn-Flow Wind Tunnels 


N THE PRESENT paper a study is made of the separate fac- 
tors which contribute to the energy losses in return-flow wind 
tunnels. The aerodynamic-energy ratio alone is considered, 
namely the ratio of the kinetic energy per second at the throat to 
the sum of the losses throughout the tunnel circuit. The loss at 
each section is computed by application of pipe-friction theory 
and some confirmatory experimental results are given. 

With the energy ratio expressed in general form, calculations 
are made concerning the qualitative effect on the energy ratio of 
several general factors, such as tunnel diameter and air speed, 
surface roughness, divergence angle of diffusers, expansion ratio, 
over-all length, and replacing test section with one of different 
diameter. 

This study was made in connection with the author's design of 
the Tsing Hua 15-ft wind tunnel recently erected in Central 
China. The chief reason for this study is the fact that the ratio 
of power costs to building costs is considerably higher in China 
than in most other countries, so that a high energy ratio is more 
to be desired than compact construction. 


STEWART WAY, Pittsburgh, Pa. 


A Uniformly Loaded. Clamped Rectangular 
Plate With Large Deflection 


FTER STATING the basie equations, the Ritz energy 
method is applied to the problem of a clamped rectangular 
plate with lateral load and small deflection. By comparison 
with Hencky’s solution the accuracy is seen to be very good. 
The energy method is then used to obtain an approximate solu- 
tion of the problem of a clamped rectangular plate with large 
deflection. It is necessary to make the total energy a minimum 
with respect to variations in the displacements of points of the 
middle surface parallel to the three coordinate axes. Expressions 
are assumed for the displacements in the form of polynomials 
satisfying the boundary conditions, and containing eleven un- 
determined constants in all. The total energy is made stationary 
with respect to variations in these eleven constants. In this 
way, eleven simultaneous equations are obtained, the solution of 
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which yields values of the eleven constants for various ratios of 
length to width of the plate. Deflection and stresses are caleu- 
lated at important points for plates having side ratios of 1, 1.5, 
and 2. For the side ratio 2, the maximum deflection and stress 
are approximately the same as for an infinitely long plate clamped 
along the two edges (which are prevented from approaching each 
other) and having a lateral load. 

The paper concludes with a discussion of the strength of 
clamped rectangular plates with lateral load. Several numerical 
examples are given. 


E. E. WEIBEL, Berkeley, Calif. 


Thermal Stresses in Cylinders by the Photo- 
elastic Method 


STATE OF plane strain exists in a hollow elastic cylinder of 
infinite length in which there is a steady flow of heat from 
one boundary to the other. 

If the cross section is made singly connected by a cut joining 
the inner and outer boundaries, the stresses in lateral directions 
reduce to zero and relative displacements and rotations occur 
between the two edges of the cut. Biot has shown that for this 
latter case the rotation between any two points in a lamina cut 
from the cylinder is proportional to the flow of heat between 
these points. This follows from the fact that the rotation and 
the temperature are conjugate functions. The relative displace- 
ments and rotations at the cut are obtained for a cylinder of 
complicated cross-sectional shape by means of a graphical method 
which has previously been used in the study of problems involving 
La Place’s equation. These displacements are applied to a plane 
transparent bakelite model by means of a deformeter of the Beggs 
type but which is rugged enough to permit the application of 
forces and moments of suitable magnitude to the bakelite model. 
Stresses in the model, which are proportional to and of opposite 
sign from those which would occur in the original hollow cylinder 
with multiple boundary, are observed in a photoelastic polari- 
scope and measured. 

The accuracy of the method is checked by a study of a hollow 
concentric circular cylinder for which thermal-stress solutions are 
available. Stresses are then determined for hollow cylinders ot 
other cross-sectional form. 


NORBERT WIENER, Cambridge, Mass. 
Random Functions and Turbulence 


HE STUDY OF turbulence is essentially statistic. A sta- 

tistical mechanical problem consists in the problem of solu- 
tion of a set of dynamical equations for initial conditions 
which represent not a single state but a statistical ensemble of 
states. 

The application of statistical methods to turbulence has so far 
been hampered by the nonexistence of well-defined ensembles of 
this sort. The author has previously given the theory of a spe- 
cific random ensemble occurring in the theory of the Brownian 
motion. It is possible to deduce from this a large class of derived 
ensembles in one or more dimensions with properties of homo- 
geneity and isotropy. It is possible to reduce space averages 
depending on these ensembles to averages over the parameter of 
distribution of the ensembles and to compute these explicitly. 
In this computation, use is made of ergodic theory. 

In the present paper the one-dimensional problem analogous 
to that of turbulence, namely, the problem of the Riemann- 
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Hugoniot equations for random initial conditions, is carried 
through. The solution is, however, only valid for a finite time. 
The method is applicable without change to the turbulence 
problem for a compressible fluid in three dimensions. 


W. A. WILLIAMS see KROON 


D. F. WINDENBURG, Washington, D. C. 
The Elastic Stability of Tee Stiffeners 


HE COMPRESSIVE strength of thin-walled open-section 

stiffeners is of importance in the design of structures requir- 
ing weight economy. The stiffeners may become unstable and 
shirk their duty by any one of three different types of instability, 
viz., column or Euler buckling, twisting or Wagner buckling, and 
plate or Bryan buckling of the web. The determinative type of 
instability for any given stiffener depends upon the relative di- 
mensions of the flange and web. 

The plate strength of the web determines the maximum possi- 
ble compressive strength of a stiffener, but this strength is at- 
tained only with a flange of adequate dimensions. When the 
flange is properly proportioned the web will not only reach the 
Bryan critical strength but will exceed this value somewhat. 
This excess buckling strength of the web is due to the torsional 
rigidity of the flange; the ultimate compressive strength will 
even exceed the buckling strength for certain width-thickness 
ratios. 

A theoretical expression for the critical buckling strength of the 
web of a tee stiffener, assumed to be simply supported at the toe 
and elastically supported by the flange at the other longitudinal 
edge, is developed which includes the effect of the torsional 
rigidity of the flange. The equation reduces to Bryan’s equation 
when the flange has infinite flexural rigidity and zero torsional 
rigidity, to Timoshenko’s equation when the flange is reduced to 
zero dimensions, and to Miles’ equation when the torsional 
rigidity is reduced to zero. The increase in the buckling strength 
of the web over the Bryan critical strength due to the torsional 
rigidity of the flange is evaluated. 

A simple expression is derived for the minimum flange dimen- 
sions required to develop the full plate strength of the web. 
Curves are presented which show the flange dimensions required 
for a tee stiffener of given length, depth, and thickness to develop 
the full plate strength of the web and insure against column 
buckling and twisting instability. 


MINEO YAMAMOTO, Tokyo, Japan 


On the Natural Vibration of the Semicanti- 
lever Beam With One End Fixed or Pin- 
Jointed 


HE NATURAL vibration of a semicantilever beam of uni- 
form section, fixed at one end, free at the other end, and sup- 
ported at an intermediate point is studied. The effects of the 
position and elasticity of the intermediate support and the axial 
force in the inner bay are investigated in the general case, and 
compared with the case of a beam with one end pin-jointed. The 
latter case without an axial force in the inner bay was studied 
by J. Morrow. 
The fundamental modes of vibration of such beams as well as 
the first, second, and third harmonics are calculated for a special 
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wing spar as an example. The effect of friction, in the inter- 
mediate support and in the pin-jointed end, on the vibration 
frequency is studied by a simple model experiment. 

The conclusions are as follows: (1) The fundamental frequency 
of a semicantilever beam changes considerably with the position 
of the intermediate support and reaches a maximum when the 
overhang is 28 per cent of the length of the inner bay for a fixed- 
end beam, and 36 per cent for a pin-jointed beam. (2) The effect 
of the end condition on the fundamental frequency is compara- 
tively large when the ratio of length of overhang to the length of 
inner bay is small, but it is small when that ratio is great. For 
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the natural vibration of the semicantilever beam of an airplane 
wing the effect of the end condition on the frequency is generally 
small. (3) The effect of the elasticity of the intermediate support 
on the natural vibration of the beam is small when the rigidity of 
the support is comparatively large such as is the case with an air- 
plane-wing beam. (4) Friction of the end opposite to the over- 
hang and of the intermediate support influences the natural 
frequency considerably in the case of a semicantilever beam with 
pin-jointed end, but, for the case of a semicantilever beam with 
one end fixed, the friction at the intermediate support changes 
the frequency by only a small amount. 
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The Effect of the Speed of Stretching and the 
Rate of Loading on the Yielding of Mild Steel 


By E. A. DAVIS,! EAST PITTSBURGH, PA. 


The phenomena occurring at the upper and lower 
yield point in mild steel is not yet fully understood. This 
paper is an attempt to study some of these phenomena 
and to correlate them with the facts already known 
about the first yielding of this unique material. 

In order to investigate the rate of loading on the yield- 
ing of mild steel a machine was designed in which the 
amount of increase in load per unit time could be held 
constant regardless of the rate of strain. Results of tests 
are presented in which the rate of loading for separate 
tests was changed by a maximum ratio of 1 to 21,000. 
The effect of rate of loading was studied on four different 
shapes of test specimens. 

Factors affecting the initial yielding of mild steel and 
their influence on the shape of the stress-strain diagram 
are discussed. These factors include the effect of the 
speed of deformation and of stress concentration upon 
the stress at which yielding takes place. The manner in 
which localized yielding affects the stress distribution in 
the bar and changes the actual strain rate is also de- 
scribed. The constant-load-rate type of test such as 
presented here’ is compared with the ordinary constant- 
strain-rate type of test. Various shapes of stress-strain 
diagrams that have been obtained in practice are ex- 
plained in terms of the factors previously mentioned. 


yielding has long been a subject of interest to engineers 
and during recent years a considerable amount of research 
and discussion have been devoted to this peculiar subject. 

Ludwik (1)? was probably the first to study the effect of the 
speed of stretching upon the stress at which a metal yields. He 
found a logarithmic relation between the stress at which a metal 
yields and the plastic-strain rate. 

Prandtl (2) and his associates studied the effect of changing 
the speed of deformation on various metals. Their results were 
in agreement with the relation found by Ludwik. 

Kérber and Storp (3) compared impact tests with ordinary 
static tests for various metals. These tests showed a consider- 
able increase in the yield stress in the more rapid tests. 

Quite recently a large amount of attention has been focused 
upon the effect of the speed of deformation upon the first yield- 
ing of mild steel. Winlock and Leiter (4) have investigated the 
effect of the rate of strain upon the yielding of deep-drawing 
sheet steel. Their results show that the yield point and the 
yield-point elongation (Fig. 1) were considerably affected by 
the speed of deformation. The ultimate strength was also in- 

1 Research Engineer, Westinghouse Research Laboratories. 
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"Tie BEHAVIOR of mild steel during the first stages of 


fluenced the shape of the stress-strain diagrams. 


fluenced but to a smaller extent than the yield point. Their 
tests were run in a machine in which the movable head advanced 
at a constant rate. This type of test will be referred to as a con- 
stant-strain-rate test, although for this particular material where 
localized yielding occurs the strain rate is not really constant. 
A typical curve for this type of test is given in Fig. 1a. 

Elam (5) has also tested metals at various speeds of stretching. 
She has paid particular attention to the rate of hardening during 
the test and has shown examples of materials other than mild steel 
which yielded discontinuously. 

Welter (6) has pointed out the influence of the type of test- 
ing machine upon the initial yielding of mild steel. He has run 
tests in which the load was increased at a certain prescribed rate. 
By continuously adding weight to a bar he produced a test in 
which there could be no drop of the load after yielding started. 
This type of test, for which a typical diagram is shown in Fig. 
1b, will be referred to as a constant-load-rate test. With 
Gockowski (7) he has varied the rigidity of the load-measuring 
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Fic. 1 Two Types or Stress-Strain D1aGrams FoR MILp STEEL 
device on several testing machines and in this way he has in- 
He has not, 
however, carefully controlled the rate of loading in his constant- 
load-rate tests and as a result it is difficult to make comparisons 
between his various tests. Siebel and Schwaigerer (8) have also 
investigated the effect of the rigidity of the testing machine upon 
the shape of the stress-strain diagram for mild steel. By insert- 
ing springs in series with the test specimen they have been able 
to regulate to some extent the rate at which the load falls after 
the upper yield point has been reached. Esser (8) has com- 
pared the constant-load-rate test with the constant-strain-rate 
test and has found a good relation between stress and speed of 
deformation, 

Closely related to the effect of the speed of deformation upon 
the first yielding of mild steel is the phenomenon of localized 
yielding. Nddai (9) has associated the drop in load at the 
yield point with the formation of local slip planes or Liider’s 
lines. 

MacGregor (10) has shown how localized yielding is affected 
by stress concentrations and has tested specimens with various 
types of stress concentrations present. 
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Taylor (11) has pointed out that plastic substances may be 
divided into two classes according to whether the stress increases 
or decreases after yielding. He has studied the effect of the 
yielding of certain grains upon the distribution of the stress in 
the surrounding grains. 

Gensamer (12), in a discussion of yield-point phenomena, has 
stated that if the load were increasing in the plastic range the 
material would strain uniformly, but if the load were not in- 
creasing the material would deform locally. This statement, 
to be true in all cases, may have to be tempered slightly as 
will be pointed out later. 


TRUE STRESS 
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It is intended in this paper to describe the manner in which 
mild steel yields and to discuss the effect of stress concentration 
and speed of deformation upon the yield point. Results of 
constant-load-rate tests which form the basis for most of this 
discussion are also included. This type of test was chosen at the 
suggestion of A. Nddai, who also suggested the design of the 
testing machine. This type of test was selected because a wide 
range of speed of loading could be obtained in a comparatively 
simple machine. 

Probably the most unusual thing about mild steel is the fact 
that when yielding starts, it occurs locally and does not take 
place throughout the length of the bar. Thus, when one element 
or layer yields, it strains several per cent almost instantly and 
then nearly stops while the yielding is transferred to other 
parts of the bar. In general, the yielding starts at one or both 
ends in the fillets and, if the material is annealed, progresses 
gradually toward the central section. That the material extends 
to some quite large strain during local yielding is evidenced by a 
sudden change in cross section at the boundary of the yielded 
portion. The result of this nonuniform yielding is an unknown 
gage length. It would be difficult to determine the actual 
amount of material flowing at any instant. Likewise, it is just 
as difficult to determine the instantaneous values of the strain 
rate. This means that from the beginning of yielding until the 
end of the yield-point elongation for any element or layer, no 
record of the actual values of the strain or the strain rate is 
possible with ordinary means of measurement. This fac: adds 
serious difficulties to any explanation of the behavior of mild 
steel during the first stages of yielding. 

A factor which greatly affects the yielding of mild steel is stress 
concentration. It has long been known that if test specimens 
are made with long conical ends and if care is taken to secure 
pure axial loading a high upper yield point will be obtained. 
If the fillets at the end of the gage length are sharp or the speci- 
men is not well-aligned there may be no upper yield point, but 
the stress-strain diagram will gradually round off to a horizontal 
line which is known as the lower yield point. This indicates 
that the yielding of mild steel is affected by stress concentrations. 
These concentrations may be due to sharp fillets, eccentric load- 
ing, bending, or flaws in the material. Two bars of the same 
material that differ only in the size of the fillets at the end of the 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1938 


gage length will show different values of the upper yield point, 


if they are tested under similar conditions. However, if the 
proper stress-concentration factors could be determined for the 
elements which yield first, it would probably be found that both 
bars started to yield at the same stress. 

The question that may now be asked is: If the first element 
yields at such a high stress, why do succeeding elements yield at 
much lower stresses? The only logical answer seems to be that 
succeeding elements do not yield at lower stresses than the first 
element. As soon as the first element yields there is produced 
at the boundary of the unyielded portion a disturbance in the 
stress field which is equivalent to a stress concentration. This 
concentration is due to the abrupt change in the cross section 
produced by the plastic strain and to the breaking up of the inter- 
nal structure of the material. Were it not for this stress con- 
centration there would be no reason to believe that a part of the 
bar which had withstood the high load at the upper yield point 
should later yield at a much lower load. If this is a true pic- 
ture of what happens at the yield point of mild steel, then a test 
showing an upper yield point can be explained by saying that the 
stress concentration due to the original shape of the specimen is 
less than the stress concentration caused by the local yielding, 
while in a test showing no upper yield point, the stress concentra- 
tion due to the shape of the bar is greater than that caused by 
local yielding. 

In the foregoing discussion of the effect of stress concentration 
on the yield stress it was assumed that the rate at which the bar 
was being stretched was uniform during yielding. It may be well 
now to investigate the important effect that the speed of deforma- 
tion has upon the yield stresses. At the beginning it must be 
realized that even though the absolute value of the strain rate 
is unknown in the yield-point region, it can be changed by 
definite amounts by varying the speed of the driving mechanism. 

Whenever plastic strains are produced in a metal, the stress at 
which this yielding takes place is a function of both the plastic 
strain e” and the plastic-strain rate u” = de"/dt. Because of 
this relation between stress and strain rate, it is possible to raise 
or lower the stress at which a bar is yielding by simply changing 
the speed of the driving mechanism. Similarly if the stress is 
raised or lowered, a corresponding change in the strain rate will 
result. 

The constant-strain-rate type of test can now be compared 
with the constant-load-rate type. See Fig. 1. For comparison 
purposes, the rate of increase of load in the second type of test 
will have to be adjusted to correspond to the rate at which the 
load increased in the elastic range in the first type. Both tests 
will start to yield at the same stress, for in the elastic range the 
two tests are identical. The difference in stress in the plastic 
region, which is indicated by Ac in Fig. 1b must be accounted for 
by a difference in the speed of deformation. Fundamentally 
this difference in the speed of deformation is the only difference 
between the two tests. 

If, as Siebel and Welter have shown, the rigidity of the load- 
measuring device on the constant-strain-rate machine be changed 
by the addition of a spring in series with the test specimen, the 
rate at which the load will drop after the yield point o; is reached 
will also be changed. In this test it is evident that the speed of 
the driving mechanism will have to be increased to make the rate 
of increase of load the same and to insure the same yield point 
o;. However, the difference in stress between the various 
curves can still be explained in terms of the speed of deformation. 

With these factors which influence the yielding of mild steel 
in mind, it may be well to try to follow the yielding of a bar of 
mild steel during a so-called constant-strain-rate test. The 
stress-strain diagram will be as shown in Fig. 2 and the first 
element to yield will be selected for observation. Since it will 
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be situated in the fillet, it will be subject to some stress concen- 
tration so that, when the indicated yield point o; is reached, the 
actual stress in the element will be o:’. After the discontinuous 
yielding takes place in this element and the indicated stress has 
dropped to the value a, the true state of the element will be repre- 
sented by a point somewhere in the vicinity of point C. The 
disturbing fact about this yielding is that from the recorded dia- 
gram there is no way of determining the path which the actual 
stress-strain diagram traced out in going from B to C. 

This discussion was carried out for an element in the fillet but 
* any other element would have a similar history. After the point 
C is reached by an element from within the gage length it con- 
tinues to deform slowly at the constant-load stress o. while 
the discontinuous yielding spreads throughout the remaining 
length of the bar. Then the whole bar starts to yield more or 
less uniformly and the actual stress in any part of the bar is 
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Fie. Scuematic DiaGram or LoapinG Device 

shown by the true-stress curve CD. The fact that the bar can 
now yield at a lower stress than the initial yield stress o;’ is due 
to a considerable decrease in strain rate. If the movable head 
of the machine is advancing at a fixed speed the strain rate 
will vary inversely as the active gage length. If 1 is the total 
gage length and Al is the unknown gage length during local 
yielding, then the relation between the strain rate for uniform 
yielding u"¢p and the strain rate for discontinuous yielding u’ g¢ 


will be 


Al 


Bc 


Since Alis small as compared to / the strain rate u” ¢p is sufficiently 
small as compared with u”g¢ to permit yielding at a much lower 
stress. 

The loading device upon which the constant-load-rate tests 
were run is shown schematically in Fig. 3. It consists chiefly 
of a long lever arm along which a heavy weight can be moved at 
a uniform rate. The speed with which it can be moved can be 
varied by a ratio of from 1 to 21,000 by inserting different speed 
reducers. The most rapid test lasted about seven seconds and 
the slowest test lasted nearly two days. This machine was 
designed to record the stress-strain diagrams automatically. 
A photograph of a set of diagrams as drawn by the machine is 
shown in Fig. 4. A recording drum was rotated an amount pro- 
portional to the load by a string attached to the moving weight. 
A pencil was drawn along the drum a distance proportional to the 
strain, as indicated in the schematic sketch of the extensometer in 
Fig. 5. 

A series of tests was run on each of four types of test speci- 
mens, descriptions of which are given in Table 1. The stress- 
strain diagrams for the type No. 3 bars are shown in Fig. 6. 
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TABLE 1 TEST SPECIMENS 
Gage Radius of 
Shape of length, fillets, 
Type cross section in. in. Condition 
1 0.355 in. diam 2 1/4 Normalized 
2 0.250 in. diam a/, 1/5 Normalized 
3 1/_ X 3/16 in. 2 3/5 Hot-rolled strip 
4 X in. 2 3/5 Hot-rolled strip 


Only the first portions of the diagrams are shown since the ex- 
tensometer would not record more than about 10 per cent 
strain for a 2 in. gage length. The results of all the tests are 
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TABLE 2 TEST DATA 
Yield Ultimate 
Rate of oint, Yield- strength, 
loading fb per point Ib per 
lb per sq sq in. elongation, sq in, 
Type in. per sec 01 4 om 
1 6500 33500 0.0680 
1630 29400 0.0395 
264 26700 0.0295 
61.1 26800 0.0295 
7.03 24800 0.0215 
0.29 24200 0.0180 
2 13100 40300 0.115 56100 
3270 37200 0.053 52200 
544 31400 0.029 50600 
21.8 28200 0.019 47850 
0.91 31200 0.033 45200 
3 6550 38400 0.100 ? 
1638 34500 0.056 
273 31200 0.043 
65.6 29700 0.033 
7.18 28800 0.026 
1.84 28700 0.0245 
0.317 28200 0.023 
4 10150 45200 0.110? 
2540 45100 0.0685 
421 40500 0.0375 
102.8 38000 0.034 
11.6 35700 0.0255 
2.87 37000 0.0275 
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given in Table 2, and are plotted in Fig. 7. The yield point was 
taken as the stress at which the first deviation from the elastic 
line occurred. The rate of loading is plotted on a logarithmic 
scale merely to give a better distribution of the test data. 

As can be seen from Fig. 7, the yield point and the ultimate 
strength are influenced by the rate of loading. The effect be- 
comes more pronounced at the faster rates. The yield-point 
elongation also varies with the rate of loading, as was pointed 
out by Winlock and Leiter. At the higher speeds the flat strips 
had a yield-point elongation greater than the range of the ex- 
tensometer so that the last points are somewhat uncertain and 
have been marked with a question mark. 

In these tests the load was always increasing but the specimens 
yielded locally as in an ordinary test on mild steel. What, then, 
must be added to the assumption of Gensamer, already men- 
tioned to make it include the present type of test? Evidently, 
it is the change in the strain rate during the test which intro- 
duces the discrepancy. Since stress is a function of both strain 
and strain rate an increase in stress may be caused by an increase 
in either the strain or the strain rate. The rate of strain harden- 
ing y must be expressed by the partial derivative dc/ de” instead 
of the general expression de/de’. This indicates that Gensamer’s 
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assumption is true for tests in which the strain rate is constant. 

Based upon a study of these tests and a survey of the literature 
on the subject, the behavior of mild steel during the first stages 
of yielding may be summarized by the following conclusions: 

1 The upper yield point is influenced by stress concentration 
and the speed of deformation. 

2 Local yielding produces a condition equivalent to a stress 
concentration at the boundary of the yielded portion. An in- 
crease in stress due to this concentration causes a rapid strain 
rate which allows the load to drop in an ordinary testing ma- 
chine. 

3 In a constant-strain-rate test an upper yield point is ob- 
tained when the stress concentration due to the dimensions of 
the test specimen is less than that caused by local yielding. If no 
upper yield point is obtained, the stress concentration due to the 
shape of the specimen is greater than that caused by local yielding. 

4 The lower yield point is the load at which the strain rate 
produced by the high stress that develops due to local yielding 
becomes equal to the strain rate prescribed by the testing ma- 
chine. 

5 In the plastic region the stress can be raised or lowered 
at any time by changing the speed of deformation. 

6 At any instant during the discontinuous yielding the 
actual stress, strain, and strain rate are undeterminable with 
ordinary means of measurement. Thus, the rate of strain 
hardening y = 0o/Q0e is unknown. 

7 Discontinuous or localized yielding seems to be an inherent 
characteristic of the structure of mild steel and takes place 
whether the load is increasing or decreasing. The amount of 
yield-point elongation varies with the stress at which it takes 
place. 

The writer wishes to express his appreciation to A. Nddai of 
the Westinghouse Research Laboratories for supervision of this 
work and to L. W. Chubb, director of research at the labora- 
tories, for permission to present these results. 
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Simultaneous Effects of Corrosion and 


Abrupt Changes in Section on the 
Fatigue Strength of Steel 


By THOMAS J. DOLAN,' URBANA, ILL. 


This paper gives the results of a series of tests of the tor- 
sional and flexural fatigue strength of specimens of S.A.E. 
3140 steel which were tested in air and under a stream of 
tap water. 

Comparative results are given showing the effects of 
abrupt changes in section with the steel in the hot-rolled 
condition and also after heat-treatment. The effect of the 
corrosive action of the stream of water on the fatigue 
strength of the specimens of various shapes is determined 
in addition to the effects due to abrupt changes in section 
and to heat-treatment. 


HERE ARE many conditions in engineering service under 

| which members having abrupt changes in section are sub- 

jected to cycles of repeated stress while at the same time 

being subjected to the corrosive action of some liquid or gaseous 
medium, 

It is well known to engineers that abrupt changes in section of 
a member such as holes, fillets, and keyways presumably develop 
damaging stress concentrations that appreciably decrease the 
strength of members subjected to repeated stress. Similarly, 
the minute corrosion pits formed by the corrosive action of 
water on a member free from abrupt change in section presuma- 
bly develop localized stresses that greatly reduce the fatigue 
strength of the member, especially when the corrosive medium 
and the repeated stresses act simultaneously. 

Serious failures of many machine parts have occurred, such as 
failures of large tail shafts of ships, which apparently were due 
to the combined action of corrosion and localized stress at abrupt 
changes in section. If a member in service is to be subjected to 
the simultaneous action of these two types of stress raiser, the 
question arises as to what extent the damage produced by the 
localized stress at an abrupt change in section, and that pro- 
duced by the corrosion pits, are cumulative in reducing the 
strength of the member. 

A search of the literature, however, has revealed very little in- 
formation on this subject. For this reason the following labo- 
ratory tests were made in an attempt to determine the addi- 
tional reduction of fatigue strength caused by applying a stream 
of fresh water on steel specimens containing holes or fillets, 
while they were being subjected to completely reversed cycles 
of stress, over that caused by the stress concentration at the 
holes or fillets in the absence of a corroding medium other than 
air. 


1 Assistant Professor of Theoretical and Applied Mechanics, 
University of Illinois. Jun. A.S.M.E. 

Presented at the Annual Meeting of Tae AMBRICAN SocIETY OF 
MECHANICAL ENGINEERS, held in New York, N. Y., December 
6-10, 1937. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1939, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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Meruop or TesTING, MATERIALS, AND TEST SPECIMENS 


Method of Testing. Two different types of loading were 
used: (a) Tests were made with specimens subjected to com- 
pletely reversed cycles of torsional stress in machines of the type 
shown in Fig. 1;?. (6) tests were also made with the same types 


Fia. 1 RepeEATED-TorsIoN Fatigue Macuine Set Up ror Corro- 
SION TEST - 


Fie. 2 Roratine-Beam Fatigue Macuine Set Up ror Corrosion 


of specimen but subjected to completely reversed cycles of flex- 
ural stress in rotating-beam fatigue machines of the type shown 


? For a description of these machines see: ‘‘Repeated-Stress 
(Fatigue) Testing Machines Used in the Laboratory of the University 
of Illinois,” by H. F. Moore and G. N. Krouse, Engineering Experi- 
ment Station, Circular No. 23, 1934, University of Illinois, Urbana, 
Ill. 


A-141 


+ 

> 

4 

3 

2 

4 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1938 


TABLE 1 PHYSICAL PROPERTIES AND HEAT ANALYSES OF STEELS TESTED 
————Static tension tests - Chemical analysis, per cent 
Ultimate 
Yield tensile Elonga- Reduc- 
aoe. strength, tionin tion of 
b per Ib per 2 in., area 
sq in. sq in, per cent per cent Cc Mn Pp Ss Si Ni Cr 


Material for torsional tests 


8.A.E. 3140 steel, quenched from 1510 F, tempered at 0.37 0.75 0.017 0.030 0.178 1.33 0.65 
Material for flexural tests 
8.A.E. 3140 steel, hot-rolled....................0005. 80,000 127,000 17.0 53.7 
S.A.E. 3140 steel, quenched from 1510 F, tempered at 0.37 0.71 0.015 0.020 0.21 1.40 0.61 
. [To Reatvs From the results of the series of tests in air and of the series 
L ee Pa ro with the specimens in water, the reduction in strength caused by 
; = ") : a hole or a fillet alone, or by corrosive action alone, could be de- 
-- ba - termined. Furthermore, the reduction in strength due to the 
Hole, dia-@ rm = combined effect of corrosion and localized stress could be found. 
(a)-Solid Speciimer, or Specimer with Hole, * Materials and Test Specimens. The S8.A.E. 3140 steel used in 
the ‘torsional tests was obtained in hot-rolled bars of 7/5 in. 
st diam, all from the same heat, while that used in the flexural tests 
ope “ape — — was obtained in bars of in. diam also obtained from a single, 
———_ ie but different, heat. One series of tests was made with the ma- 
ani: a eee terials as received, and a second series with the material quenched 
Radius, 7 from 1510 F and tempered at 920 F to a Brinell hardness of about 
(L)- Specimen with Filler 310. 
The chemical analysis and physical properties of these ma- 
92 Radius terials are listed in Table 1. Photomicrographs showed the hot- 
0.5005 - an rolled chrome-nickel steel to be composed of medium to large 
f T 4 T | grains of pearlite and ferrite, while the same steel after heat- 
La@=0.300" | treatment showed a very fine-grained troostitic sorbitic struc- 
fo /3" ” ture with traces of free ferrite showing at high magnification. 
(c) Solvd Specimen The hot-rolled bars used in the flexural tests contained a great deal 
of sorbite, and apparently had been cooled more rapidly in the 
a= 0.4005 _ Mole, dia. @=0.04" . rolling process than the bars used in the torsional tests, leaving 
harder and less ductile. 
; : e types of specimen shown in (a) and (c), of solid cross section 
5 (a) Specimen with Hole and free from abrupt change in shape, will be referred to as the 
. solid specimen. The nominal diameter d of the solid specimens 
D=0.500— chiller, radius r=0.022" was 0.30 in., and of the specimens with a transverse hole was 
-— } 0.40 in. for all tests. The diameter a of the hole was 0.04 in. 
720.250" »| For the heat-treated torsional specimens the diameter d was 
| (e) Specimen with Filler | made 0.380 in. and the diameter of the hole was decreased to keep 


Fig. 3 Derarts or Test SPECIMENS 
(a and b for torsional fatigue tests, c, d, and e, for flexural fatigue tests.) 


in Fig. 2.2. All fatigue machines were operated at the rate of 
about 1400 cycles of stress per minute. 

Specimens with transverse holes or with fillets were made of 
§.A.E. 3140 steel. From the same material were also made 
specimens of simple shape in which the stress due to a given 
twisting or bending moment could be computed satisfactorily. 
These specimens were then subjected to repeated stressing in 
ordinary fatigue tests and the »ndurance limit of each type of 
specimen was determined when tested in air, and when tested 
with a small stream of fresh tap water flowing on the specimen. 

The nominal stress in all members was calculated by using the 
ordinary torsion formula s = Tc/J, or the flexure formula s = 
Mc/I, in which s is the nominal unit stress, lb per sq in.; T' is the 
maximum applied twisting moment, in-lb; M is the bending 
moment, in-lb; c is the radius of the specimen, in.; and J and J, 
respectively, are the rectangular and polar moments of inertia 
of the cross-sectional area, in.‘. In computing the values of 
stress for the specimens with transverse holes, no allowance 
was made for the material removed to form the hole. 


the ratio of a/d = 0.10. The surface of all specimens except 
those with fillets was polished longitudinally with No. 00 emery 
paper to remove all toolmarks and scratches. In the specimens 
with a transverse hole this polishing operation rounded off the 
edge of the hole very slightly. 

An attempt was made to make the radius of the fillet r = 0.02 
in. in most of the specimens, and ‘a sharp corner was machined 
in some of the torsional specimens. The actual radius of these 
fillets was later determined by cutting sections from the speci- 
mens and tracing the contour of the fillet at a magnification of 
400 X with a metallurgical microscope. Table 2 shows the ac- 
tual radii of the fillets and the other important dimensions of 
the specimens as tested. All specimens with fillets were finished 
by filing and tested without subsequent polishing. Specimens 
used in the corrosion-fatigue tests were washed with gasoline and 
acetone to remove all traces of oil from the surface before testing. 


Test Data AND Discussion oF RESULTS 


Torsional Tests. Fatigue cracks which are representative of 
the types of failure obtained in specimens tested in completely 
reversed torsion are shown in Fig. 4. It will be noted that the 
failures of all specimens tested in torsion, with the exception 
of the solid specimen tested in air, followed helicoidal paths ap- 
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TABLE 2 RESULTS OF FATIGUE TESTS ° 
Specimen detailsa—_—————~. ——Tested in air——. ——Tested in stream of water—— 
Stress 
Mini- Endurance ‘Stress Endurance Stress concen- 
Type of mum Radius Diam. limit of concen- limit of concen- tration 
specimen. diam of fillet of hole specimen, tration specimen, tration factor 
ee d, r, a, lb per factor lb per factor for cor- 
Fig. 3 in. in. in. sq in. K sq in. rosion C 
1 2 3 4 5 6 7 8 i) 
A Chrome-nickel, 8.A.E. 3140 steel, hot-rolled 
Solid? 0.320 44,000 1.00 32,500 1.35 1.35 
Fillet 0.300 0.0082 28,500 1.54 27,500 1.60 1.04 
Fillet 0.300 0.020 ee 28,000 1.57 30,000 1.47 0.93 
Hole 0.400 0.04 22,000 2.00 _— 3.26 1.63 
Specimens subjected to completely seversed Hole 0.400 0.10 19,500 2.25 
B S.A.E. 3140 steel, quenched and tempered 
Solid 0.280 56,000 1.00 32,500 1.72 1.72 
Fillet 0.300 0. 0026 37,000 1.51 20,000 2.80 1.85 
| Hole . 380 0.036 30,000 1.87 20,000 2.80 1.50 
Chrome-nickel, 8.A.E. 3140 rolled 
Solid 0.300 wake ; 6 ,000 34, 1.88 1.88 
Fillet 0.250 0.022 36,000 1. 38 19,000 3.37 1.90 
Specimens subjected to completely reversed Hole 0.400 0.04 31,000 2.06 16,006 4.00 1.94 
cycles of flexural stress................ D Chrome-nickel, S.A.E. 3140 steel, quenched and tempered 
Solid 0.300 ee f 90,000 1.00 13,000 92 6.92 
Fillet 0.250 0.022 . 36,000 2.50 11,000 8.18 3.27 
Hole 0.400 esc 0.04 31,000 2.90 9,000 1 3.45 
— Endurance limit of solid® specimen in air 
Endurance limit of specimen with stress raiser 
i Endurance limit of specimen in air 


Endurance limit of same specimen in water 


® Solid specimens are specimens free from abrupt changes in section. 
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Fig. 4 Types or Fatture IN SPECIMENS TESTED IN REVERSED 
TORSION 
(a, tested in air; b, tested in water.) 


proximately along the planes of maximum tensile stress. The 
failures of the solid torsional specimens tested in air usually 
started as a longitudinal shear failure, but after a crack had 
formed it had a tendency to fork and extend along diagonal lines 
as shown in Fig. 4a. These facts re in agreement with the 
studies of Southwell and Gough? in which they found that when 
no localized stress was present in the member a shear failure oc- 
curred in specimens of low-carbon steel subjected to repeated 
torsional stress, but that when stress concentrations were de- 
veloped, due to flaws in the material or to abrupt change in shape 
of the member, a helicoidal fracture resulted, with the failure 
progressing approximately on planes of maximum tensile stress. 

Fig. 5 is a photomicrograph of two fatigue cracks AB and CD 
starting at the edge of a sharp fillet; the fillet has a rough jagged 


3 “On the Concentration of Stress in the Neighborhood of a Small 
Spherical Flaw; and on the Propagation of Fatigue Fractures in 
‘Statically Isotropic’ Materials,’ R. V. Southwell and H. J. Gough, 
Philosophical Magazine, vol. 1, series 7, 1926, pp. 71-97. 


Fie. 5 oF Fatigue Cracks STARTING AT a 
SHarp 
(Specimen tested in torsion, magnification 400, etch 2 per cent nital.) 


appearance at high magnification, although to the naked eye it 
appeared to be a single sharp corner with smooth sides. The 
final failure of the torsion specimens with fillets usually consisted 
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of a number of cracks radiating diagonally from the fillet along 
the shank of the specimen, and intersecting to give a saw-tooth 
appearance in the final fracture. 

The S-N curves shown in Figs. 6, 7, and 8 show the test re- 
sults in the torsional fatigue tests, and Table 2 gives a summary 
of the data taken from these curves. The values of the over- 
all stress-concentration factor K were obtained by dividing the 
endurance limit of the solid specimen tested in air by the endur- 
ance limit of the specimen with a stress raiser. As a convenient 
index of the increase in the effective value of the stress concen- 
tration produced by corrosion on members containing abrupt 
changes in section, the values of a stress-concentration factor C, 
due to corrosion only, were computed. This factor is defined as 
the ratio of the endurance limit of a specimen tested in air to 
the endurance limit of the same type of specimen tested in the 
tap water. 

The ideal or mathematical value of the maximum tensile stress 
at the edge of a small hole in a thin hollow torsion specimen is 
about four times the value of the stress that would exist at the 
point if no hole were present;* that is, the maximum theoretical 
stress-concentration factor K is nearly 4, depending somewhat 
on the size of the hole in relation to the diameter of the specimen. 
The results in Table 2 indicate that the effective value of the 
stress-concentration factor for the tensile stress at the edge of a 
transverse hole in a solid circular torsion member is only about 
one half of this value, at least for small laboratory specimens. 
Armbruster’ reported values of the torsional fatigue stress- 
concentration factor K, for specimens tested in air, ranging from 
1.31 to 1.66 for specimens of three different steels and with trans- 

4 *‘On Stresses in a Plate With a Circular Hole,’’ by S. Timoshenko, 
Journal of The Franklin Institute, vol. 197, 1924, pp. 505-516. 
§ “Einfluss der Oberflichenbeschaffenheit auf den Spannungsver- 


lauf und die Schwingungsfestigkeit,” by E. Armbruster, V.D.I. 
Terlag, Berlin, 1931. 
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verse holes for which a/d = 0.15. The values of K computed 
from data obtained by Mailander and Bauersfeld* on a chrome- 
nickel-tungsten steel varied from 1.60 to 1.88 for specimens of 
different over-all dimensions in which the ratio a/d was main- 
tained at nearly 0.11. 

‘Einfluss der Probengrésse und Probenform auf die Dreh- 


schwingungsfestigkeit von Stahl,”” by R. Mailiinder and W. Bauers- 
feld, Technische Mitteilungen Krupp, vol. 2, Dec., 1934, p. 143. 
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The endurance limit obtained for the torsion specimens with 
a fillet having a radius of 0.02 in. appears to be lower than that 
obtained for the sharper fillet in the same steel. It was found 
upon recalibration of the testing machines that the ball bearings 
had become slightly worn, and were sticking in the machine in 
which the 0.02-in. fillet specimens were tested. This probably 
put an increased torque on the specimen which was not trans- 
mitted through the calibration bar, and the observed torque was 
therefore smaller than that actually resisted by the specimen. 
The result would be to lower the apparent endurance limit. 
Therefore, it is felt that the true endurance limit for the speci- 
mens with the fillet of 0.02 in. radius should be slightly over 
30,000 lb per sq in. As these specimens were the only ones 
tested in this machine, no similar trouble was experienced with 
any of the other tests. 

The values of K obtained for the specimens containing fillets, 
and tested in completely reversed torsion in air, varied from 1.51 
to 1.57, whereas data obtained by Jacobsen’ using the electric- 
analogy method indicate that the theoretical value of K for these 
fillets ranges from 1.59 for the fillet having a radius of 0.02 in., to 
a value greater than 3.2 for the sharpest fillet (r = 0.0026 in.). 

It must also be remembered that the surfaces of the specimens 
with fillets were not polished as were those of the control speci- 
mens. The rough surface left by toolmarks would in itself cause 
some decrease in the strength of these members. Previous in- 
vestigations* have shown that toolmarks in the rough-turned 
surface of specimens subjected to repeated cycles of bending 
stress will reduce the strength of the member about 8 to 12 per 
cent for a low-carbon steel, and about 18 per cent for a sorbitic 
steel containing 0.49 per cent carbon. The circumferential 
scratches left by toolmarks in specimens subjected to repeated 
bending stresses are probably more damaging than the same 
toolmarks in specimens subjected to repeated torsional stress. 
In specimens subjected to repeated torsion, the failure progresses 
on planes making an angle of approximately 45 deg with the tool- 
marks, while for specimens subjected to bending these scratches 
coincide with the planes of maximum tensile stress, and are more 
likely to start a crack which will develop to failure. However, if 
the same proportionate reduction in strength could be expected in 
members stressed in repeated torsion as was obtained for re- 
peated bending, it would account for about half of the decrease 
in strength of the specimens with fillets. 

Armbruster® obtained data for which the values of K vary 
from 0.96 to 1.66 for fillets in two grades of steel with ratios of 
r/d equal to 0.17 and 0.03, respectively, and the data of Mail- 
dinder and Bauersfeld® give values of K from 1.03- to 1.17-in. speci- 
mens of different diameter of a chrome-nickel-tungsten steel 
with r/d = 0.11. The results of the torsional-fatigue tests on 
fillets indicate that the effective value of the localized stress de- 
pends more on the surface condition at the fillet and on the type 
and internal condition of the steel of which the member is made 
than it does on the general geometric form or relative sharpness 
of the fillet itself. The results of theoretical values such as those 
found by the electric-analogy method, therefore, would seem to 
be of uncertain significance in predicting the damaging stress 
concentration. 

In the torsional corrosion-fatigue tests of the solid specimens 
the same endurance limit was obtained for both the hot-rolled 
and the heat-treated material, even though the fatigue strength 
for specimens tested in air was raised about 27 per cent, and the 


7 ““Torsional-Stress Concentrations in Shafts of Circular Cross- 
Section and Variable Diameter,’’ by L. S. Jacobsen, Trans. A.S.M.E., 
vol. 47, 1925, paper no. 1974, pp. 619-641. 

8‘*An Investigation of the Fatigue of Metals,”” by H. F. Moore 
and J. B. Kommers, Engineering Experiment Station, Bulletin No. 
124, 1921, University of Illinois, Urbana, Ill. 
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static elastic strength was more than doubled, by the heat-treat- 
ment. The values of K, listed in column 8, Table 2, for holes in 
torsion specimens tested in water, are in every case greater than 
the values of K found for the same type of specimen tested in 
air. However, the values of the corrosion stress-concentration 
factor, C, column 9, Table 2, show that the amount of damage 
caused by the corrosion, in addition to that caused by the hole or 
fillet, varied with the type of abrupt change in section and with 
the material of which the member was made. 


Fic. 9 Types or FAILURE IN THE SPECIMENS TESTED IN REVERSED 
FLEXURE 


The stress-concentration factor C for a hole in the steel speci- 
mens in the hot-rolled condition was 1.63 as compared with 1.50 
for the same material when quenched and tempered. Evidently, 
the heat-treatment decreased the sensitivity of this material to 
the effect of corrosion in combination with the localized stress 
produced by a hole even though the corrosion-fatigue strength 
of the specimens free from abrupt change in section was not 
raised by quenching and tempering (32,500 lb per sq in. for both). 
However, this heat-treatment did not decrease the sensitivity 
of the material to the localized stress produced by a fillet, in com- 
bination with corrosive action as is shown by the increase in C 
from 1.04 in the hot-rolled specimen with a sharp fillet to a value 
of 1.85 in the heat-treated specimen. 

As noted previously the value of the endurance limit is proba- 
bly slightly in error for the specimens of hot-rolled steel with 
fillets of 0.02 in. radius, tested in air. It is felt that the correct 
value for the corrosion concentration factor C should probably 
be slightly over 1.0, as is the case with the sharper fillet in this 
same steel. 

In general, the test results show that the difference in the rela- 
tive sharpness and contour of the two fillets of different radii in 
specimens of the hot-rolled chrome-nickel steel appears to have 
little effect on the fatigue strength. For both of these fillets the 
endurance limits of the specimens were practically the same 
whether tested in air or in water. Apparently, the corrosion 
produced by the fresh water used had practically no effect on the 
reversed torsional fatigue strength of specimens of the hot-rolled 
steel with fillets. 

Flexural-Fatigue Tests. For the specimens subjected to com- 
pletely reversed cycles of flexural stress practically all failures 
occurred on the planes of principal tensile stress, normal to the 
axis of the specimen, as shown in Fig. 9. The specimens tested 
under a stream of tap water developed many small cracks which 
were clearly outlined by the streaks on the surface formed by 
the deposit of corrosion products at these points. The general 
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discoloration of the specimens tested in water was mainly due to 
a deposit precipitated from the water flowing on them, and could 
readily be removed by washing with dilute hydrochloric acid or 
by rubbing vigorously on the surface with an eraser. Fig. 10 
shows the fractured ends of two different specimens (which failed 
in corrosion fatigue) after the precipitated deposit had been 
removed. One of these specimens contains many short cracks 
and failed after 6,916,000 cycles at a stress of 23,000 Ib per sq in., 
while the other specimen with relatively few but long cracks failed 
after 15,875,000 cycles at a stress of 20,000 Ib per sq in. Another 
specimen of the same type after running for 38,000,000 stress cycles 


Fie. 10 Corroston-Fatigve Cracks 1n Two Specimens TESTED 
IN REVERSED FLEXURE 


Fig. 11 Derp Crack aT Point oF THEORETI- 
caL Maximum STRESS IN FILLET 


unetched.) 


showed only three such cracks, and each extended nearly halfway 
around the specimen. In general, as the stresses were decreased, 
fewer of these cracks appeared on the surface of the specimen 
before failure, but they developed to a much greater length at 
the lower stresses probably because the specimens were subjected 
to corrosive action for a longer period of time. Definite corro- 
sion-fatigue cracks of this type were not apparent on the surface 
of the specimens subjected to completely reversed cycles of tor- 
sional stress, except for the cracks which led to final fracture. 
From a photoelastic study Weibel® has found that the theoreti- 
cal point of maximum stress at a fillet in a beam stressed in 
flexure occurs about 10 deg from the point at which the fillet 
curve becomes tangent to the narrow portion of the member. 
Fig. 11 shows a longitudinal section through a fillet in a specimen 
that failed in corrosion fatigue; it will be observed that the crack 
which developed to the greatest extent occurred approximately 
at this point of theoretical maximum stress. 

From the S-N diagrams, Figs. 12 and 13, the data obtained 
from the specimens tested in completely reversed cycles of flexural 
®***Studies in Photoelastic Stress Determination,” by E. E. 


Weibel, Trans. A.S.M.E., vol. 56, 1934, paper APM-56-13, pp. 637- 
658. 
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stress have been summarized and listed in Table 2. It will be 
noted that the specimens with a hole or fillet had the same en- 
durance limit in air for both the heat-treated and hot-rolled 
steel; heat-treating did not improve the strength of any of the 
specimens that contained a stress raiser, and actually decreased 
the strength of the specimens when tested in corrosion fatigue. 

The value of the stress-concentration factor K, for specimens 
tested in air, and for a hole with a/d = 0.10, was 2.06 for the hot- 
rolled steel, and 2.90 for the quenched and tempered steel. These 
values are considerably higher than the results of other investi- 
gators as reported by Peterson and Wahl." The higher value 
compares more closely with the theoretical value of 2.7 obtained 
by Wahl and Beeuwkes'! from photoelastic tests of flat models 
in tension. 

The value of K obtained for the specimens with a fillet, tested 
in air was 1.78 for the hot-rolled steel and 2.50 for the quenched 
and tempered steel. Here again both these values are somewhat 
greater than most of the values obtained by other investigators 
from fatigue tests with steels. See data reported by Peterson 
and Wahl.!° Apparently the S.A.E. 3140 steel was very sensi- 
tive to the action of the localized stress at a small hole or fillet, 
especially when in the quenched and tempered condition. It has 
already been pointed out that the specimens with fillets were not 
polished and the rough surface probably contributed somewhat 
to the development of high stress concentration at the fillets. 
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10 ‘*Two- and Three-Dimensional Cases of Stress Concentration 
and Comparison With Fatigue Tests,’’ by R. E. Peterson and A. M. 
Wahl, JourNAL or AppLigp Mecuanics, Trans. A.S.M.E., vol. 58, 
1936, p. A-15. 

11 “Stress Concentration Produced by Holes and Notches,” by A. 
M. Wahl and R. Beeuwkes, Jr., Trans. A.S.M.E., vol. 56, Aug., 1934, 
paper APM-56-11, pp. 617-625. 
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The value 1.78, however, is very close to that obtained by Weibel,* 
and the value 2.50 is very nearly the same as that reported by 
Timoshenko and Dietz,'* in photoelastic tests of flat models. 

Some doubt has been expressed by various investigators as to 
whether a true endurance limit actually exists for a member in 
corrosion fatigue. Supposedly for any stress, however low, cor- 
rosion pits will gradually penetrate the specimen until the in- 
creased stress at the root of these pits develops a crack that will 
lead to a fatigue failure. This view presupposes a long corrosion 
time, and an extremely large number of repetitions of stress. 
It is felt, however, that the apparent endurance limits as scaled 
from the S-N curves are sufficiently significant values for prac- 
tical comparison of the strengths of different types of specimen 
subjected to corrosion fatigue. Due to time limitations the tor- 
sional fatigue tests were only carried out to about 15 million 
cycles of stress, but the corrosion-fatigue tests in flexure were 
carried out to at least 30 million and in one case 80 million cycles 
of stress. 

It is interesting to note that the corrosion-fatigue endurance 
limit of the solid specimen tested in completely reversed cycles of 
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12 ‘Stress Concentration Produced by Holes and Fillets,’’ by 8S. 
Timoshenko and W. Dietz, Trans. A.S.M.E., vol. 47, 1925, paper no. 
1958, pp. 199-237. 
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flexural stress was only 13,000 lb per sq in. for the heat-treated 
steel as compared with 34,000 lb per sq in. for the steel in the hot- 
rolled condition, even though the endurance limit in air was in- 
creased about 40 per cent by the heat-treatment. This is in line 
with the work of McAdam! in which he found that the corrosion- 
fatigue limit depends very little on the heat-treatment or on the 
physical-strength properties of the material. For a hard steel, 
such as spring steel, he found the corrosion-fatigue limit to be 
less than for the same material in the fully annealed condition, 
and even less than for a low-carbon steel. 

In the tests reported in this paper, low values were obtained 
for the corrosion-fatigue endurance limits of the specimens with 
holes or fillets, the values of the stress-concentration factor K 
ranging from 4.0 to 10.0 based on the endurance limit in air. 
Here again the corrosion-fatigue endurance limits obtained for 
the hot-rolled steel were higher than those obtained for the heat- 
treated steel, but the difference in strength was not as great as 
that obtained with the solid specimens. 

The value of the corrosion stress-concentration factor C for 
specimens of the hot-rolled steel was 1.94 for those with the hole, 
and 1.90 for those with the fillet. Comparing these values with 
that obtained for the solid specimen (1.88) it is apparent that the 
damage produced by the corrosion was slightly greater when ac- 
companied by the presence of localized stress at the abrupt 
changes in section. In the heat-treated steel the value of C 
for the solid specimen was found to be 6.92 as compared with 
3.45 and 3.27 for the specimens with the hole and fillet, respec- 
tively. 

Therefore, for the heat-treated steel the corrosive action of the 
fresh water produced a proportionate reduction in strength for 
the specimens containing the abrupt changes in section which was 
only about one half as great as that produced by the co: rosion 
on the specimen free from localized stress. Apparently the 
damage caused by the corrosion pits formed in the surface of 
the heat-treated steel was the dominant factor in determining the 
strength of these heat-treated members since there was very little 
difference in the strength of the solid specimen and those with a 
hole or fillet. However, for the hot-rolled steel the corrosion- 
fatigue endurance limit for the specimen with a hole was less 
than half of that obtained for the solid specimen. In this case 
the localized stress at the abrupt change in section seems to con- 
tribute more to the total damage produced in the member than 
the stress concentration developed by the corrosion pits. 

Although the values of the corrosion stress-concentration factor 
for the holes and fillets in the hot-rolled steel were slightly greater 
than that obtained for the solid specimen and the values of C 
for the holes and fillets in the heat-treated steel were much less 
than that for the solid specimen, the proportionate damage pro- 
duced by the corrosion on the heat-treated steel specimens con- 
taining an abrupt change in section was greater than that pro- 
duced in the specimens of hot-rolled steel. In other words the 
numerical value of the corrosion stress-concentration factor was 
largest in the case of the heat-treated specimens. 

Gough'* has expressed the opinion that the resistance of a 
metal to corrosion fatigue bears no relation to its general mechani- 
cal properties and appears to be primarily dependent on corrosion 
resistance alone. The best corrosion-fatigue resistance may be 
expected in a steel when free from internal stress. Any quench- 
ing treatment may produce internal stresses that would promote 
active corrosion in those regions where cold working proceeds 
under repeated stress, and hence corrosion-fatigue resistance 
would tend to be decreased by the same heat-treatments which 


18*Stress and Corrosion,”’ by D. J. McAdam, Internationella 
Kongressen, Teknisk Mekanik, Stockholm, 1930. 

14 ““Corrosion-Fatigue of Metals,” by H. J. Gough, Journal of the 
Institute of Metals, Proceedings, vol. 49, no. 2, 1932, p. 17. 


: 
RAM 
= 


A-148 


normally produce an increase in tensile strength and fatigue re- 
sistance. 

A series of different alloys of different strengths do not neces- 
sarily exhibit widely different resistance to corrosion fatigue, 
except where the alloying elements produce an increased resist- 
ance to corrosive action. Apparently the effect of stress is to 
render the material more susceptible to the corrosive attack or 
pitting, but the rate of penetration of the corrosion is not neces- 
sarily in proportion to the stress in the material. Thus local- 
ized stresses may not, in many cases, be effective in increasing the 
damage produced by corrosion. 

From a comparison of the values listed in column 9 of Table 2, 
it is apparent that the cor: osive action of water produced a much 
greater proportionate reduction in strength of the specimens 
tested in reversed flexure than it did for those of the same type 
tested in reversed torsion. Evidently the type of stressing 
action plays an important part in the phenomenon of corrosion 
fatigue. The numerous corrosion pits formed on the flexural 
specimens are especially damaging probably because they occur 
on the planes of principal stress normal to the axis of the specimen. 

The author has made no attempt to explain the reason for many 
of the important variations in the strength of the same types of 
specimen under various testing conditions. These variations are 
undoubtedly closely connected with the basic phenomena in- 
volved in fatigue of metals, and probably no complete explana- 
tion of these variations can be offered until more is known about 
the fundamental nature of corrosion-fatigue and the nature of 
the changes taking place that lead to the formation of a fatigue 
crack in a metal member subjected to cyclic stress. 

These tests are essentially tests of models employing the re- 
peated-stress (fatigue) method on small specimens, and it is not 
known to what extent the quantitative values can be used in the 
design of larger machine parts. No attempt has been made to 
study the size effect, but McAdam" has shown that for steel the 
corrosion-fatigue limit of specimens without abrupt change in 
section appears to be practically independent of the diameter of 
the specimen. Some of the important variables which may 
modify the results found in this investigation when applied to 
actual members subjected to corrosive action are: (a) the kind 
and temperature of the corroding medium, (6) the size, shape, 
and surface finish of the member, (c) the range of the applied 
stress and the frequency of the stress cycle, (d) the kind of ma- 
terial and the amount of initial stress present in the finished 
member. 


18 ‘Some Factors Involved in Corrosion and Corrosion Fatigue of 
Metals,” by D. J. McAdam, Proceedings of the American Society for 
Testing Materials, vol. 28, part 2, 1928, p. 117. 
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CONCLUSIONS 


In general, the corrosive effect of water flowing on specimens 
of S.A.E. 3140 steel while they were being subjected to completely 
reversed cycles of torsional or flexural stress reduced the fatigue 
strength to a value below that obtained for the same types of 
specimen tested in air. 

However, the reduction in fatigue strength contributed by the 
corrosion in excess of that caused by the stress concentration due 
to the abrupt change in section varied greatly with the heat- 
treatment, or constitution, of the S.A.E. 3140 steel, and with the 
type of abrupt change of section in the specimen. For example, 
practically no reduction in fatigue strength was produced by 
the corrosion on specimens of the steel in the hot-rolled condition 
containing a fillet and tested in reversed torsion, while the cor- 
rosion reduced the fatigue strength of specimens of quenched and 
tempered S.A.E. 3140 steel, containing a transverse hole and 
tested in reversed flexure, to less than one third the endurance 
limit of the same type of specimen tested in air. 

The additional reduction in fatigue strength due to the corro- 
sive action of the water below that of the same type of specimen 
tested in air, usually was greatest for the steel tested in the 
quenched and tempered condition, and was in general greater for 
the specimens with holes than for those with fillets. Neverthe- 
less, for the hot-rolled steel the total reduction in fatigue strength 
produced by the simultaneous action of the corrosion and the 
localized stress was slightly greater than would be expected by 
combining the single effects of the stress concentration at a hole 
or fillet and the reduction in fatigue strength due to corrosion 
fatigue on a specimen free from abrupt change in section, whereas 
for the heat-treated steel this total damage was appreciably less 
than would be expected by combining the individual effects. 

The data indicate that, at least for S.A.E. 3140 steel, corrosion 
causes a much greater proportionate reduction in strength of 
specimens tested in completely reversed cycles of flexural stress 
than for those subjected to completely reversed cycles of torsional 
stress. 
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The Fundamentals of Three-Dimensional 


Photoelasticity 


By M. HETENYI,! EAST PITTSBURGH, PA. 


The method of three-dimensional photoelasticity is 
based on the experimental fact that samples of phenolic 
resins, such as Bakelite, Marblette, and Trolon, when 
annealed in a loaded condition show a complete preserva- 
tion of (@) the elastic deformation and (b) the accompany- 
ing birefringence produced by the loading at the annealing 
temperature. After presenting a historical review of the 
method, the author discusses the current theory of the 
molecular structure of phenolic resins by which the phe- 
nomena observed in the annealing procedure can be ex- 
plained. Test results are given which prove the elasticity 
of Bakelite at elevated temperatures. Applications of the 
method are also discussed. 


HE fundamentals of the three-dimensional photoelastic 

method can be easily demonstrated by loading a simple 

bakelite bar and annealing it in that loaded condition. 
After the annealing is completed and the loading removed we 
obtain a specimen which exhibits some remarkable properties 
unusual in engineering practice. Though the piece is perma- 
nently deformed, we find for instance that it shows in polarized 
light a fringe pattern corresponding to an elastic state of stress. 
The contradiction is quite apparent but one would still think 
that the birefringence of the sample is due to some residual 
stresses retained in the bar after the removal of the load. But 
this assumption must also be abandoned when we find that care- 
ful sawing or machining of the sample does not disturb the iso- 
chromatic lines and the original pattern is preserved in every 
small portion removed from the specimen. Such complete pres- 
ervation of an apparently elastic deformation can be observed 
with any of the phenolic resins, such as Bakelite, Marblette, and 
Trolon, when they are annealed under load. This particular 
property of these resins therefore provides a means of investi- 
gating three-dimensional states of stress distribution. Thin 
slices cut out of any three-dimensional test piece, prepared in 
the manner just described, will show then in polarized light the 
stress condition existing in the original sample in the corre- 
sponding plane and the possibility exists, by taking successively 
such thin slices, to explore the entire stress field over any three- 
dimensional body. 

As is the case with most of the principles of modern photo- 
elasticity, this newest development in its technique traces back 
in its first appearance to the first part of the last century. Phe- 
nomena, similar to the results of the mentioned annealing process, 
were observed by James Clerk Maxwell as early as 1850. Ina 
paper? presented to the Royal Society of Edinburgh describing 
his experiments with polarized light he states: “..... a jelly of 

1 Research Laboratories, Westinghouse Electric & Mfg. Co. 

2“On the Equilibrium of Elastic Solids,” by J. C. Maxwell, 
Transactions of the Royal Society of Edinburgh, vol. 20, part 1, for 
the session 1849-1850, p. 87. See also, ‘‘Origins of Clerk Maxwell's 
Electric Ideas,” by Sir Joseph Larmor, University Press, Cambridge, 
England, 1937, p. 31. 

Discussion of this paper should be addressed to the Secretary, 
A. S. M. E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 10, 1939, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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isinglass poured when hot between two concentric cylinders 
forms, when cold, a convenient solid for this experiment; and the 
diameters of the rings may be varied at pleasure by changing the 
force of torsion applied to the interior cylinder. By continuing 
the force of torsion while the jelly is allowed to dry, a hard plate 
of isinglass is obtained, which still acts in the same manner on 
polarized light, even when the force is removed...... It 
seems this action cannot be accounted for by supposing the 
interior parts kept in a state of constraint by the exterior parts, 
as in unannealed and heated glass, for the optical properties of 
the plate of isinglass are such as would indicate a strain preserving 
in every part of the plate the direction of the original strain, so 
that the strain of one part of the plate cannot be maintained by 
an opposite strain on another part... ... As all permanently 
compressed substances have passed their limit of perfect elas- 
ticity, they do not belong to the class of solids treated in this 
paper; and (since) I cannot explain the method how an un- 
crystallized body maintains itself in a state of constraint, I go on 
to the next case of twisting.....” 

As is seen, Maxwell clearly stated his conclusion that there 
could not be actual stresses present in the loaded and annealed 
specimen, from which it would follow that slicing the piece 
should not change the fringe pattern. This last step, however, 
which would prove the applicability of the method to three- 
dimensional problems, was not done at that time. Maxwell’s 
reasoning that the permanently deformed specimen must have 
passed its limit of elasticity is seemingly common sense even if it 
is misleading in this special case. 

The composition of the material which was called isinglass in 
Maxwell’s time is not known to the author, but it will be shown 
in the following that the puzzling question of elastic and per- 
manent (solidified) deformations observed with phenolic resins 
can be well explained by the current theory of the molecular 
structure of these resins. 

In the last ten years, though the field of photoelasticity has 
been greatly expanded, somehow no attention seems to have been 
paid to Maxwell’s curious observations. 

In 1935 A. G. Solakian* made an experiment with a circular rod 
of Marblette by heating up the piece to 180 F and then twisting 
it through a small angle. The piece then was held rigidly while 
being cooled down to room temperature. A slice of this specimen 
in polarized light showed concentric circles which could be con- 
sidered to represent the shearing-stress distribution in the circu- 
lar rod. This single experiment, made with a circular rod, could 
not furnish sufficient proof regarding the applicability of the 
method. A satisfactory explanation was also lacking of how 
interference fringes could originate in the plane of pure shear. 
These doubts might have been the reason why no further ex- 
periments were made along this line. 

A decisive step to establish this new photoelastic method was 
made by G. Oppel,‘ who was the first to state that cutting the 


3**A New Photoelastic Material,” by A. G. Solakian, Mechanical 
Engineering, vol. 57, 1935, pp. 767-771. 

4 ‘*Polarisationsoptische Untersuchung riumlicher Spannungs- und 
Dehnungszustiinde,”” by G. Oppel, Forschung auf dem Gebiete des 
Ingenieurwesens, vol. 7, no. 5, 1936, pp. 240-248. Also: ‘‘Neue 
Erfolge in der Spannungsoptik,”’ by L. Féppl, Zeit. V.DJ., vol. 81, 
no. 6, February, 1937, pp. 137-141. 
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annealed sample does not disturb its fringe pattern. Experi- 
mental proof of this was, however, not yet given. Oppel, like 
the other German investigators used Trolon in his experiments. 
Subjecting a rectangular block of this material to a concentrated 
load he determined the shear distribution in the principal planes 
and found the results in good agreement with the theoretical 
solution. The successive two investigators of the same Munich 
school, R. Hiltscher and A. Kuske,* made further steps of de- 
velopment. Hiltscher, using crystallographic methods, went so 
far as to be able to determine the directions and differences of the 
principal stresses at any point of a three-dimensional test picce. 
Kuske devoted most of his work-to the particular properties of 
phenolic resins which needed much clarification in order to 
explain the phenomena underlying the method. His statements, 
though correct but not being supported by experimental data, 
could not serve as the required proof. 

Ever since the idea of this new application of photoelasticity 
first came up, there has existed a need for definite proofs and 
explanations regarding its principles before further use of the 
method could be considered. For this reason the author con- 
ducted during the last year and a half a large number of experi- 
ments with phenolic resins, mostly with Bakelite, at elevated 
temperatures; some of these results were presented in a recent 
paper.’ In the present paper these tests, aiming to establish a 
suitable experimental technique of the method, will be dealt with 
in detail. 

Before discussing the results of these tests, however, some 
time will be devoted to a review of the currently accepted hy- 
pothesis regarding the structure of Bakelite. This review is 
based on recent research publications® in this field and mostly on 
the works by R. Houwink.®'® It will be seen that the current 
theory of the structure of resins gives a good explanation to the 
curious ovcurrence of solidified elastic deformations and con- 
firms the fundamentals on which the method of three-dimensional 
photoelasticity is based. 


Tue STRUCTURE OF BAKELITE 


The initial resin of Bakelite (also of Marblette and Trolon) 
is the result of interaction between phenol and formaldehyde. 
Reacting at suitable temperature, these two chemicals yield a 
new substance which is a clear resin-like solid. In the first, or 
A, stage it can be fused and will dissolve in solvents, such as 
alcohol and acetone. 

A possible reaction scheme describing the origin of Bakelite is 
shown in Fig. 1. The benzene nuclei are assumed to possess 
three active spots (marked by X) which present the possibility of 
a three-dimensional molecular growth. In the A stage however 
the molecules cohere only by the Van der Waal forces of lateral 
adhesion, rendering the material still fusible and soluble in this 
condition. Upon heating this material the assumed chemically 
active spots of different molecules will be able to react with one 


5 ‘*Polarisationsoptische Untersuchung des riiumlichen Span- 
nungszustandes im konvergenten Licht,’’ by R. Hiltscher, Forschung 
auf dem Gebiete des Ingenieurwesens, vol. 9, no. 2, 1938, pp. 91-108. 

6**Das Kunstharz Phenolformaldehyd in der Spannungsoptik,”’ 
by A. Kuske, Forschung auf dem Gebiete des Ingenieurwesens, vol. 
9, no. 3, 1938, pp. 139-149. 
7**Photoelastic Studies of Three-Dimensional Stress Problems,” 
by M. Hetényi, presented at the Fifth International Congress for 
Applied Mechanics, Cambridge, Mass., September, 1938. 

8‘*‘The Phenomena of Polymerisation and Condensation,’ a 
general discussion held by the Faraday Society, September, 1935, 
Garney & Jackson, London. 

’“*Physikalische eigenschaften und Feinbau von Natur- und 
kunstharzen,”’ by R. Houwink, Akademische Verlagsgesellschaft, 
Leipzig, Germany, 1934. 

10 ‘Elasticity, Plasticity, and Structure of Matter,’’ by R. Hou- 
wink, University Press, Cambridge, England, 1937. 
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another, thus creating at those places a strong primary bond!! 
between the molecules. This process, termed polymerization, '* 
results in a progressive growth of a three-dimensional network 
through the resin. In this way the material proceeds through 
the B (partly fusible and soluble) stage toward the C (infusible 
and insoluble) stage. This transformation proyresses even at 
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room temperature; however, its rate of speed can be increased 
by heating (baking) the initial resin. Due to some special fea- 
tures of the molecular structure it is not possible for all the active 
spots to react with one another.'* Only some fraction of the 
primary bonds will come into existence and even in the final 
stable state a large amount (possibly the majority) of the mole- 
cules will still adhere only by secondary bonds, thus being in a 
still fusible condition. 

The Bakelite used in photoelastic tests can be considered to be 
in this final state'* where its structure can be pictured as shown 


11 The distance between molecules in primary bond is approxi- 
mately 1-2 A units and the energy content of the bond can be esti- 
mated about 100 keal per g, which represents a corresponding 
amount of mechanical energy. For a phenolformaldehyde resin the 
primary C-—C bonds may be assumed to have an equivalent energy 
content of about 160 keal per g. Molecules being in secondary 
bond are at an average distance of 3-4 units and their bond is 
equivalent to around 5 kcal per g. : 

12 For definition, see p. 41 of the reference given in footnote 8. 

13 The great difference between the experimental and theoretical 
strength for synthetic resins (ox, = 6 kg per sq mm, and ¢theor = 
4000 kg per sq mm) can be partly explained by the assumption that 
only a small fraction of the possible primary bonds have occurred. 
In addition to this one can assume that the points, where between 
the contacting macromolecules a primary coherence did not occur, 
will act as small gaps (termed as ‘‘Lockerstellen”’ in the literature) 
throughout the bulk of the resin. Stress concentrations at the cor- 
ners of such small internal cracks would then again cause a further 
decrease in the ultimate strength of the material. This Lockerstellen 
theory assumed for resins resembles the Smekal-Griffith hypothesis 
by which the reduction of the strength of glass was explained. The 
only difference is that in glass the assumed minute cracks in the 
material are to be considered as accidental faults, while in resins 
the Lockerstellen are possibly structural features of the material. 

'4 Since here there is no difference in the chemical composition of 
molecules whether they are in primary or secondary bond with 
another, this state of matter is usually termed as isogel state (after 
W. Ostwald). 
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in Fig. 2. Molecules in primary bonds have formed then the 
so-called globular micelles (macromolecules) which are again 
interconnected with each other, giving them a strong space net- 
work throughout the whole bulk of the material. The formation 
of these micelles is entirely at random and follows no crystalline 
pattern. This three-dimensional network is in an_ infusible 
state, has high mechanical strength, and gives, what might be 
called, a skeleton to the resin. The cells of this network however 
are filled with material still in the fusible state; it is solid at 
room temperature but its secondary bonds can be annihilated 
by a comparatively small amount of heat energy. 

The foregoing conception of molecular structure gives an 
explanation of the observed behavior of Bakelite during the 
annealing process. 

When a test piece is loaded at room temperature, the whole 
piece will act like a rigid body because the A-stage material 
within the cells is in a solid condition. By raising the tempera- 
ture, the resistance of the fusible part will be subsequently re- 
duced since its viscosity decreases and after a while the whole 
load will be carried entirely by the infusible space network of the 
material, the strength of which, due to its higher heat-energy 
content, is not affected by that temperature which was able to 
melt completely the fusible filling material.’ At sufficiently 
high temperature the viscosity of the fusible part becomes 
negligible and in that state we can consider that the test piece is 
purely elastically deformed. Now, keeping the load on the 
piece and slowly decreasing the temperature, the fusible part 
will assume a solid state again and, at the same time, will sur- 
round with its large mass the deformed elastic network which is 
thereby kept jn the deformed condition. Thus we can say that 
the result is a “frozen’’ form of the elastic deformation which 
occurred at the elevated temperature. In the test piece so ob- 
tained the constraint is provided by the molecules among them- 
selves. Such equilibrium can exist over an arbitrarily small 
portion of the material, which explains why the deformation 
together with the accompanying birefringence is preserved in 
any small part cut out of the original sample. 

The so-called “high elasticity of phenolic resins was observed 
by R. Houwink, whose results are shown in Fig. 3. In these 
tests blocks of phenolformaldehyde resin were compressed by 
the same amount of load, and recovery of the deformation was 
observed upon renioval of the load. A certain amount of re- 
covery took place at the same temperature (70 C) at which the 
loading was applied, but when the temperature was raised to 
90 C further recovery took place. The amount of recovery 
depended on the degree of polymerization of the test piece and if 
it was baked previously for 5 hr at 100.C, then after the removal 
of the loading and raising the temperature to 90 C, it completely 
regained its original length. This observation can be well ex- 
plained by the presence of a strong space network in the material, 
and it is seen in Fig. 3 that for nonpolymerized pieces where the 
function of such a network cannot be assumed no recovery is 
shown after the removal of the load. These phenomena were 
then termed as thermoelasticity and thermo-recovery respec- 
tively. For our purpose, however, it does not seem necessary to 
adopt these new terms since it can be expected (as was found in 
the author’s experiments) that at sufficiently high temperature 
(above 100 C) a rapid and complete recovery of the deformed 
sample will take ,lace upon the removal of the loading. Thus, 
we can simply say that at sufficiently high temperatures the 


1’ Naturally there is a temperature limit for even primary bonds 
which might start decomposing, although without appreciable soften- 
ing somewhere above 300 C. This limit is much lower than what 
could be expected from the quoted high energy content of such bonds 
(see footnote 11). The discrepancy might be partly explained by the 
fact that the energy content of the C—C bond in carbon (the decom- 
position product) is itself 71 keal per g. 
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highly polymerized phenolic resin is perfectly elastic. On the 
basis of this assumption the viscosity of the cell-filling A-stage 
material at lower temperatures might lengthen somewhat the 
time in which the load will be transmitted to the elastic network 
of the material. Denoting the viscosity by 7, the fluidity 
coefficients by g, and using Andrade’s formula 


¢=1/n= Ae (B/Tabs) 
to express the effect of temperature on n, we obtain 
log 7 = —log A + (B/T ats) log e 
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which represents a straight line if log 7 be plotted against 1/T abe. 
There were some experiments made (see page 62 of the reference 
given in footnote no. 9) regarding the viscosity for A-stage 
phenolic resins in the temperature range of 40-70 C. From 
these we can determine the values of the constants of A and 
B, having thus log A = 26 and B = 24 X 10% Substituting 
these values into the foregoing expression for log n, the obtained 
relation is shown in Fig. 4. Hence, it is seen that in the neigh- 
borhood of 113 C the viscosity of the fusible part will be reduced 
to 10 poises (log 7 = 1). This corresponds approximately to the 
viscosity of cylinder oils at room temperature. Therefore, it is 
seen that around 110 C the viscosity of the fusible part could not 
retard appreciably the elastic deformation of the test piece, and 
it should arrive at its final equilibrium state in a few seconds. 
The author’s experiments described in the following have fully 
confirmed this supposition. 


Tests With BAKELITE AT ELEVATED TEMPERATURES 


The testing equipment used in the author’s tests is shown in 
Fig. 5. The test piece was placed in a container filled with 
paraffin oil and heated from below by four electric space 


16 Viscosity 70 centipoises at 100 F. The oil used for this purpose 
should be transparent and should not show excessive evaporation at 
the annealing temperature. 
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heaters. The heaters were connected with a De Khotinsky 
thermoregulator while the temperature of the oil bath was ob- 
served with a thermometer which could be shifted to any place 
in the tank. This arrangement provided a quite uniform tem- 
perature and at the most +1 C oscillation was observable. 
The loading of the sample was transmitted by thin bars which in 
turn were suspended on a balanced lever arm. This made it 
possible to start tests with a zero loading position or to unload 
the sample completely at any moment when required. The 
whole equipment was placed in the field of a polariscope and 
through the glass walls, front and back, of the tank the bire- 
fringence of the sample could be observed at any time. In all 


Fic. 5 EqutpmMent Usep For BENDING AND TENSION TEST OF 
BAKELITE SAMPLES AT ELEVATED TEMPERATURES 


these tests BT-61-893 Bakelite was used, which material seems 
to be the most generally accepted for photoelastic tests. Before 
using it in high-temperature tests, the material was calibrated at 
room temperature. The value E = 710,000 lb per sq in. was 
found while one fringe was equivalent to 85 lb per sq in. per in. 

In the loading device a pointer, fastened to the hanger on the 
lever arm, showed on a vertical scale in large magnification the 
deformation of the sample when load was applied. This gave a 
convenient way of observing the speed by which the deformation 
of the sample took place at various temperatures, and readings 
could be taken on this scale in 5-sec intervals after the application 
of the load. These data were used then only to determine the 
speed of deformation since these scale readings included local 
deformations of the sample, such as the elongation of the holes 
through which the load was applied. Accurate gage lengths 
used to determine the final value of the deformations were 
made by scratching reference lines in advance on the surface of 
the specimens. Whenever it was noticed on the scale reading 
that the sample arrived at its final state of deformation, a photo- 
elastic picture was taken of it, from which the exact amount of 
deformation could be established by microscope measurement of 
the final position of the reference lines. The former scale readings 
were utilized only in determining the rate of deformation during 
the test 
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TABLE 1 APPROXIMATE TIME IN WHICH A BAKELITE TEST 
PIECE ARRIVES AT ITS FINAL DEFORMATION AT VARIOUS 
TEMPERATURES 


Approximate time in which the 
sample assumes its final state 


Temperature, C of deformation 


90 8 hr 
95 1'/: hr 
100 10 min 
110 30 sec 
120 1 to 2 sec 


Fig. 6 shows the results of some bending tests obtained with 
three bakelite bars at five different levels of temperature (some 
of the bars were used twice). The amount of loading was in 
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TABLE 2 DATA OBTAINED WITH A 0.2624 X 0.5022-IN. BAKE- 
LITE TENSION SPECIMEN AT 115 C 


Number of 
fringe 


Gage length, 


every case the same. It is seen that while the speed of deforma- 
tion depended greatly on the temperature its final value was 
always the same. Whenever the test piece arrived at this state 
no additional deflection and no creep phenomena could be ob- 
served. A detail of Fig. 6 showing the observations made in the 
first 5 min after the application of the load is given in Fig. 7. 

The approximate time in which a bakelite test piece arrives 
at its final deformation” at various temperatures is given in 
Table 1. The recovery of deformation observed with one of 
these bars in bendiuy is shown in Fig. 8. 

As is seen from Figs. 6, 7, and 8, the bakelite material at 
temperatures over 110 C can be considered perfectly elastic; 
then it assumes instantaneously its final deformation and upon 
unloading the original dimensions are completely recovered. 
The additional criterion of elasticity, meaning stress strain, and 
in this case also optical, proportionality will be discussed later 
with the tension tests. By using the previously mentioned 
optical method for measuring the deflection of the bars in bend- 
ing, a value of FE = 1110 lb per sq in. was obtained, while the 
stress-optical coefficient was found to be one fringe equivalent to 
3.30 lb per sq in. per in. This means that at high temperatures 
the modulus of elasticity is reduced to about !/ss0 of its room- 
temperature value, while the stress-optical sensitivity is in- 
creased to approximately 26 times its value opserved at room 
temperature. According to the molecular theory of resins, 
presented previously in this paper, at such high-temperature 
tests only the elastic network was the load-carrying element in 
the material and it seems justifiable to assume that the observed 
birefringence is also due entirely to the deformation of this 
element in the resin. 

Leaving the load on the test piece'’ and slowly returning to 
room temperature one can completely solidify the deformation 
and birefringence of the sample produced at the annealing tem- 
perature. Upon removal of the load the optical effect will be 
reduced by '/z. part while the change in deflection ('/s) is 
hardly measurable. 

In order to determine the stress-strain relations for Bakelite at 
the annealing temperature, tension tests were conducted using 
the same setup shown in Fig. 5. The method used in these tests 
was to start with zero load on the sample and then to add weights 
until the first fringe fully appeared in the shank of the tension 
piece. Then a photograph was taken giving a record of the 
distance of the reference lines scratched in advance on the sur- 


17 Now we include also cases of only 98 per cent of the total possible 
deformation since the last 1 to 2 per cent might be prevented by the 
frictional resistance of the loading device. The same applies also to 
the recovery of the sample upon unloading. 

18 Since in this state, as the material is purely elastic, no relaxation 
is possible, the same result should be obtained if instead of keeping 
the load constant, one would keep the deformation constant and the 
same as that produced by the loading at the annealing temperature. 
This is possible in some cases but in general the prevention of the 
thermal contraction of the material would introduce additional 
stresses while the sample is being cooled down. For this reason the 
writer has used the ‘‘constant loading’ method in these experiments. 
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face of the sample. This procedure was repeated for every 
consecutive fringe. The observed data obtained for a tension 
piece of 0.2624 X 0.5022 in. cross-sectional dimensions at 115 C 
temperature are shown in Table 2. 

The data derived from these observations are shown in Figs. 9 
and 10, respectively. The symbol ¢nominai denotes the stress 
which results by dividing the load by the original cross-sectional 
area of the tension piece. The value of actual was derived by 
taking into account the decrease in the cross-sectional dimensions 
due to the axial tension. This was done by using the gage- 
length readings and taking Poisson’s ratio » = 0.500 which is 
the value for Bakelite at high temperatures as was observed in 
several other tests. 


50 ° 4 


° 0050 0100 


Fic. 9 Srress-STrRain CurvE 
FOR BAKELITE aT 115 C 
(From tensile test.) 


Fic. 10 Srress-FRINGE-ORDER 
CuRVE FoR BAKELITE AT 115 C 
(From tensile test.) 


Since the optical effect, in addition to the amount of stress, is 
proportional to the thickness of the sample, in order to obtain 
the actual stress-optical properties of the material, the fringe 
order had to be referred to the (t’/t)oactuai values, where t’ de- 
notes the decreased value of the original thickness ¢ of the sample. 
It is seen in Figs. 9 and 10 that while referring the data to the 
nominal stress the obtained lines are slightly curved; but, when 
the actual stress condition is considered, a perfect straight-line 
relation is shown between stress and strain (Fig. 9) as well as 
between stress and fringe order up to the thirteenth fringe. The 
value of E = 1080 lb per sq in. and one fringe equivalent to 
3.34 lb per sq in. per in. were obtained from this experiment. 
These values are in good agreement with the former ones derived 
from bending tests, although the tensile-test results are considered 
to be more accurate. The curves shown in Figs. 9 and 10 cannot 
give an answer to the much discussed question whether stress or 
strain is the cause of birefringence. Up to the thirteenth fringe 
there seems to be a complete proportionality between stress, 
strain, and optical effect and since all the tested tension pieces 
failed (on account of stress concentration at the holes where the 
pull was applied through bolts) in the neighborhood of the 
fourteenth or fifteenth fringe, the author was not able to make 
observations beyond the proportionality limit of the material 
where some deviations might be noticeable. Since the num- 
ber of fringes produced are here accompanied by large de- 
formations (with a rough approximation 1 per cent strain per 
fringe in a sample '/, in. thick) it does not seem likely that this 
limit will be utilized in photoelastic tests. The ultimate strength 


Loading, 
Ib mm. 
0 0 .000 
1 1.61 Oll 
2 3.22 024 
3 4.78 037 
4 6.48 048 see 
5 8.05 
6 9.63 074 
7 11.20 087 
8 12.70 100 
9 14.20 110 
10 15.70 125 
11 17.20 139 
12 18.70 150 
13 20.30 164 
| | 
150) 7 150 7 
/ 
NO.OF FRINGE 
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of Bakelite in the range of 110-130 C, which it is suggested to use 
in conjunction with this method, can be estimated to be between 
400 and 450 lb per sq in. 


ILLUSTRATIONS OF THE METHOD 


The fact that careful sawing does not disturb the frozen fringe 
pattern is illustrated in Fig. 11. The upper view shows a bake- 
lite bar annealed at 110 C under a centrally applied concentrated 
load, as the piece was obtained after the annealing process and 
removal of the loading. The lower view shows the same sample 
after it has been sawed at two places. In order to carry out a 
successful and undisturbing cutting of the sample, the most 


Fig. 11 SHowING THAT CAREFUL SAWING DOES NOT 


DIsTURB THE FROZEN FRINGE PATTERN 


Fic. 12 Axsove: Fringe Picrure or a NotcHep Bar ANNEALED UNDER A TENSILE Force. 
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important factor seems to be to avoid warming up the piece by 
frictional heat produced by this action. Such heat generation 
being of a local character might be hard to notice (even if pro- 
duced) on account of the poor heat conductivity of the material. 
Good results can be obtained with sharp but not too fine saw 
blades, since fine blades clog up easily and will act then as dull 
tools. The cutting must be done comparatively slowly, with a 
speed of about 60 rpm, and an abundant quantity of lubricating 
oil should be used. For more accurate work, especially for 
slicing frozen three-dimensional pieces, it is best to use a milling 
machine, where the precautions just mentioned should be taken. 

In the upper part of Fig. 12 is shown the fringe picture of a 
frozen bar with notches, which has been annealed under an axial 
tensile force. The dimensions of the bar were D = 0.500 in., 
d = 0.250 in., R = 0.125 in., and the thickness of the sample = 
'/,in., the applied load was 3.20 lb. The obtained stress-con- 
centration factor k = 6.20/4.00 = 1.55 coincides with the value 
determined for this R/d = 0.500 ratio by the usual photoelastic 
method at room temperature. 

When the material is annealed for one to two days before using 
in such tests, no marked appearance of the so-called edge effect 
is observable in the frozen specimens. Such edge effect might 
originate (1) by an additional progressing polymerization of the 
material, (2) by the evaporation of combined or absorbed water!® 
causing uneven shrinking, and (3) by oxidation of the surface 
layers. The first two causes might be partially eliminated by 
a prolonged baking of the material, thus bringing it to a stable 
state before it is used. The third possible cause, oxidation dur- 


1* Experiments have shown (see ‘‘Application de la méthode 
dilatométrique & 1’étude des gels colloidaux'’ by A. Boutaric, Comptes 
Rendus, vol. 206, February 28, 1938, pp. 675-677. Also: ‘‘Recher- 
ches dilatométriques sur une résine synthétique,’’ by A. Boutaric 
and M. Engeldinger, Comptes Rendus, vol. 206, May 16, 1938, pp. 
1488-1490) that the absorbed water in the inner structure of the 
synthetic resins can be completely expelled only by an annealing 
temperature around 300 C. Some tests are being made by the writer 
annealing Bakelite at 220 C and higher temperatures in a special 
annealing wax bath and the results were satisfactory. It was ex- 
pected that such high temperatures might also increase the amount 
of primary bonds in the material, thus raising its modulus of elasticity 
at high temperatures. So far, however, only a small (15 per cent) 
increase in E could be produced showing that the original bakelite 
was already close to its highest (and stable) state of polymerization. 
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HETENYI—FUNDAMENTALS OF THREE-DIMENSIONAL PHOTOELASTICITY 


Fic. 13. Fringe Picrure or a THIN Stice From a Rounp Bar 
Witn a TRANSVERSE HOLE SUBJECTED TO TORSION—TAKEN WITH A 
PoLarRiscoPe 


Fig. 14 ARRANGEMENT OF THE REFLECTION POLARISCOPE 


(O = light source, L = lenses, P = polarizer, A = analyzer, Q = quarter- 
wave plates, G = glass plate, S = specimen, M = mirror, and F = screen.) 


ing the tests, can be reduced by immersing the sample in an oil 
bath. The application of the method will be illustrated by 
pictures obtained from a round bar with a transverse circular 
hole and tested in torsion.2® The diameter of the test piece 


2 As it has been shown by the author (see footnote 7) normal sec- 
tions of bars tested in torsion exhibit no fringe pattern, while 
sections taken at 45 deg to the axis of torque show the distribution of 
shearing stresses over the cross section. This result can be expected 
when considering that the 45 deg plane is the one in this case where 
the principal stresses are located. In Solakian’s test (See footnote 3) 
the obtained fringes might be explained by the assumption that the 
section was not taken exactly normally to the axis of the bar, or that 
the beam of polarized light was slightly convergent. Both of these 
causes might have the same result as a slight inclination of the section 
with respect to the axis of torsion. 


Fic. 15 FriInGe PicrurEe OF THE SAME SAMPLE SHOWN IN Fie. 13 
BuT TAKEN WiTH A REFLECTION POLARISCOPE 


was °/, in. and the diameter of the hole was '/s in. Fig. 13 shows 
the fringe picture of a '/;-in-thick slice cut out of the top layer 
of the piece perpendicular to the axis of the hole. 

Since the number of fringes obtained with the usual polariscope 
was too low, a picture was taken of the same sample using a re- 
flection polariscope, doubling in this way the number of iso- 
chromatic lines. 

The optical arrangement of the reflection polariscope used is 
shown in Fig. 14. In this scheme the optical parts of the regular 
polariscope were used. The beam of light was reflected on the 
surface of a glass plate (half-mirror) then passed through the speci- 
men, behind which a mirror was placed which reflected the 
light through the same points of the sample, doubling in this 
way the relative retardation and the number of isochromatic 
lines. This arrangement has been found useful in the author’s 
experiments, although on account of the reflection a slight de- 
polarization of the light was observable. The picture obtained 
with this arrangement is shown in Fig. 15, from which a concen- 
tration factor of k = 5.50/2.50 = 2.20 could be derived. No 
further increase of accuracy could be obtained since the shape of 
the hole was already obviously distorted and the use of a higher 
torque was not feasible. 

It is considered that the experimental results presented have 
furnished a proof of the soundness and correctness of the funda- 
mentals of three-dimensional photoelasticity. The only serious 
limitation of the method appears to be in the large deformations 
obtained in such tests. This can be avoided, however, by a suita- 
ble experimental technique, but it is the author’s opinion that 
for increased accuracy the photographic method will have to be 
abandoned and it will be necessary to use point-to-point retarda- 
tion measurements. 
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The Calculation of Steam-Turbine 
Reheat Factors 


By RONALD B. SMITH,' JEANNETTE, PA. 


This paper approaches the problem of reheat from the 
analytical standpoint. Relations are derived for the re- 
heat gain in the saturated- and superheated-steam re- 
gions, which show the influence of pressure ratio, tem- 
perature, efficiency and number of expansions. A com- 
parison between the calculated reheat and the reheat 
computed graphically from the Keenan-Keyes properties 
of steam indicates good agreement over a wide range of 
conditions. 


The nomenclature used in this paper is as follows: 

p = absolute pressure, lb per sq ft (unless aoted) 

v = specific volume, cu ft per lb 

T = absolute temperature, degrees F 

A = 1/778 = thermodynamic equivalent, Btu per lb per 
ft-lb 

t = enthalpy (generally along the condition line), Btu per 
Ib 


h = enthalpy (generally along the initial entropy line), 
Btu per lb 

s = entropy, Btu per deg F per lb 

k = isentropic exponent 

» = efficiency 

n = polytropic exponent; 1/n = 1 — [(k — 1)/k]n 

p = reheat gain 

1+ p = reheat factor 

z = number of expansions 

c = specific heat of the liquid, Btu per lb per deg F 

R = latent heat of vaporization, Btu per lb 


xz’ = quality of steam 


It is commonly recognized that with steam and other compres- 
sible fluids the frictional energy dissipated in one expansion is 
in part recovered in a subsequent expansion (1).? In the design 
of a multistage turbine the effect of this energy regain becomes 
an inherent part of the computation when each stage is designed, 
row by row, along an expansion line of constantly increasing 
entropy known as the condition curve. Modern turbine prac- 
tice, however, is committed for reasons of simplicity and accuracy 
to the design of a large portion of the machine by groups, a 
scheme whereby the performance of a number of similar, adjacent 
stages is predicted as one. The group calculation is generally 
made on the basis of the energy available in an isentropic expan- 
sion between the initial and the final pressure of the group. By 
regaining a portion of the resistance energy, the actual drop of 
potential available to the group is slightly larger than that de- 
veloped by a single isentropic expansion. 


1 Development Division Engineer, Turbine Department, Elliott 
Company. Jun. A.S.M.E. 

2? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting of THE AMERICAN SoclETY OF MECHANICAL 
EnGIneers, New York, N. Y., December 1938. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1939, for publication at a later date. Dis- 
cussion received after the closing date will be returned. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


It has become the custom to measure this recovery of energy 
by a reheat factor. Thus, in the Mollier diagram of Fig. 1, if AC 
represents the true condition line for a group of stages with Az, 
the actual energy available for the rth stage, and if AB is the 
expansion line of an ideal machine, the reheat factor is defined as 


7=@s 


Depending upon the steam conditions and the efficiency, the 
reheat factor ranges between 1.0 and 1.05. Since the efficiency 
of a group of turbine stages is nearly proportional to the reheat 
gain p, some knowledge regarding its magnitude is of importance. 


Entha/py 
| 


En ropy 


Fic. 1 Typican Conpirion Curve or A MULTISTAGE TURBINE 

To a large extent, the reheat has been computed by summing 
the enthalpy drops on a Mollier chart along a normal turbine 
condition line (2, 3, 4, 5, 6,7). This approach is not only difficult, 
but it tends to obscure the variables which define the reheat 
gain. In view of these circumstances a simple analytical treat- 
ment of the problem may be of interest. For obvious reasons a 
distinction will be made between the superheated- and the satu- 
rated-steam regions. 


REHEAT IN THE SUPERHEATED REGION 


From the standpoint of simplicity the treatment of super- 
heated steam on the basis of the perfect gas laws is desirable. 
How far does superheated steam deviate from these ideal condi- 
tions? 


k 
The enthalpy of a perfect gas isi = A ii ™ and the 
change in enthalpy between the initial pressure p, and the final 


pressure pz+1is —tz2+; = A (pits — 


k—1 
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If the expansion is isentropic and obeys the relation po* = 
const, this change is represented by the well-known Saint 


1 


In Fig. 2 is plotted the deviation in per cent between the en- 
thalpy drop computed on the basis of the perfect gas relation 
and the Keenan-Keyes steam tables (8). A mean value of 
(k — 1)/k = 0.225 was used with Equation [2]. The comparison 
was made, for each entropy, at a constant back pressure which 


Antropy= 8, p,,,= 10 
*1.0 
Entropy =1.7, p,,,= 30 
oe 
Entropy = 16, Pye, 100 
Q “Entropy = 4.5; 


4 8 16 /8 20 


Pressure Ratio p, [Pas 
(p=/b per sq in.,abs) 


ENTHALPY Drop IN THE SUPERHEATED-STEAM REGION 
CompaRED WITH THE PrEFEcT-Gas RELATIONS 


{Data taken from Keenan-Keyes steam tables (8); (k — 1) /k =0.225.] 


Fic. 2 


corresponded approximately to the saturation point, and for 
initial pressures as high as 1200 lb per sq in. abs. While the error 
varies with pressure ratio, it is evident that in the region com- 
mon to modern steam practice the deviation of superheated steam 
from the perfect gas relations is less than +1 per cent. 

With the aid of the perfect gas relations let us investigate a 
turbine group consisting of z stages on a constant mean diameter. 
If the actual expansion is along the condition line AC in Fig. 1, 
it may be represented by a polytropic of the form pv" = const 
where the exponent, found in the usual fashion, is defined by 
k—1 

k 


The change in enthalpy over the rth stage, which operates 
with the initial pressure p, and the final pressure p, +1, is 


l/jn = 


k (k—1)/k 
Ai, =A | Prt! 
[3] 
(n—1)/n (k—1)/k 
P, 
so that the reheat factor becomes 
(n—1)/n (k—1)/k 
Pr Pr 
= 


(k—1)/k 
1 — (2) 
Pr 


when p,+1 is the back pressure of the zth stage. The problem is 
now reduced to one of finding the pressure variation in a group of 
similar stages. 

Consider a group, consisting of a very large number of ex- 
pansions, and with the symbolic representation shown in Fig. 3. 
It is common practice to design with about constant velocity 
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ratio per stage, i.e., the ratio of the mean peripheral velocity of 
the blade to the absolute velocity of the steam entering the 
blade. Then, since there are many expansions, the enthalpy 
change over the rth stage represented by Equation [3] may be 
written 


(1/A) Ai, ~ v,(p, — pr+1) = v0, Ap, = (Ap,/p,'/") = const 


Multiplying by 1/ Az, and passing to the limit in which ( Ap,/ Az) = 
— (dp/dz), we have 
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Fic. 3. A TurBINE Group oF z EXPANSIONS 
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Reheat Gain p.. 


Fic. 4 Reneat GAIN IN THE SUPERHEATED REGION 


The expression on the right-hand side of this equation is the 
number of expansions z, so that the solution is 


(n—1)/n 
1— — = 


which means that for a constant enthalpy change per blade 
row, the pressure ratio over any row, for instance the rth row, 
is* 


const z 


3 It is important to realize that in practice the stages are designed 
for constant velocity ratio. With constant mean diameter, this 
will prescribe constant enthalpy drop and a pressure-ratio distribution 
according to Equation [5]. Actually, the mean diameter increases 
toward the exhaust, so that the enthalpy changes are increasing as 
the expansion proceeds. The effect will be to reduce the reheat 


below the value calculated herein. 


Venant relation 
k (k—1)/k 
Pz+1 
zt 
lf 
20 
= 


1 /n 
Pr 
—1] 
By introducing this pressure-ratio relationship in Equation 
|4], the reheat factor may be written as 
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or with only slight error, as shown in Appendix | 


n 
Pr 


™ 


nN 
3 


z Pr 


Fortunately (1/z) (1 — is so small that we 
may write with only slight error 


When 2 is infinite, Equation [5b] reduces to the well-known 
result, generally attributed to Callender, which is 


For an infinite number of stages only, this result could have been 
deduced from Equation [4] without restricting the expansion to 
& constant enthalpy drop per row, by merely passing to the limit 
and integrating the numerator along the condition line po*® = 
const. 

When the number of expansions z is not infinite, it follows from 
Equation [5b] that 


1 
(1 xX 


(k~1) k 
l 
Pr 
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In Fig. 4 is plotted, as a function of efficiency and of pressure 
ratio, the reheat gain p in accordance with Equation [6] for a 
turbine with an infinite number of stages. The rebo»t gain is 
seen to vary almost directly as the loss coefficient (! —»), a 
conclusion that has been in practical use in turbine design for 
some years, 

As a check on the validity of Equation [6], the superheated 
reheat gain for an infinite number of stages was calculated by 
summing the enthalpy drops, for a few typical steam conditions, 
on a large Keenan-Keyes steam chart. The work was based on a 
stage efficiency of 80 per cent and was carried out after the man- 
ner outlined by Robinson (2). The comparison is given in 
Table 1. 


REHEAT GAIN 


TABLE 1 COMPARISON OF SUPERHEATED 
BY USING STEAM 


OBTAINED BY APPLYING EQUATION [6] ANI 
CHARTS? 


Initial 


Initial pres- Back pressure, Reheat gain Reheat gain 


sure pi, lb tempera- Pest, tb from Fig. 4 from steam 
sq in, ture, F per sq in, or Eq. [6] charts 
600 850 300 0 0153 0.0172 
600 850 200 0.0241 0.0255 
600 850 100 0 0383 0 0384 
600 850 +O 0.0525 0.0531 
400 750 200 0 0153 0. 0167 
400 750 100 0 03802 0.0316 
400 750 +O 0 0445 0 0460 
400 750 24 0. 0590 0.0580 
200 750 100 0.0153 0.0164 
200 750 50 0.0802 0.0305 
200 750 24 0.0452 0.0470 
200 750 10 0.0625 0.0620 


® Based on a stage efficiency of 80 per cent, 


When the expansion in an infinite number of turbine stages 
is continued to zero back pressure, the reheat factor becomes 
1 + pe = 1/n whereupon the turbine performs as an ideal 
machine, since the actual internal efficiency m becomes m = 
(1 + pw)n = 1.0. The physical explanation (9) of this result is 
associated with the fact that the enthalpy of a perfect gas at 
zero pressure is, by definition, zero. Therefore, the expansion in 
an infinite number of turbine stages will transform all the availa- 
ble energy into useful work. 

The variation of the reheat gain when there are z rather than 
an infinite number of expansions has been treated practically by 
multiplying the regain for infinity stages by the factor (g — 1) /z. 
There is a rather simple reasoning behind this conclusion for in 
a two-stage machine only the second stage has any reheat, in a 
three-stage machine only the last two stages, and for z stages only 
(z — 1) operate with reheat gains. 

Analytically, the influence of the number of stages is intro- 
duced in Equation [7] by the factor 


a 
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SMITH--CALCULATION OF STEAM-TURBINE REHEAT FACTORS 


In Table 2 is shown the calculated influence of the number of 
stages on the reheat gain p when each stage has an efficiency of 


CALCULA 


TABLE 2 LAT 
STAGE 


ED INFLUENCE OF THE NUMBER OF 
8 


ON THE REHEAT GAIN@ 
Pi/(payi) = 2- -—i/(payi) = 4- 
Number of stages.. z= 2 4 20 z=2 z=4 = 20 
pow from Equation (6) 0.01533 0 01533 0.01533 0.03018 0.03018 0 03018 
from Equation [7]. 0 00745 0.01140 0.01455 0 01440 0 02250 0 02865 
p/pa 0 48600 0 74400 0 94900 0.47700 0.74500 0 94900 
(2 l)/z 0 50000 0 75000 0 95000 0 50000 0 75000 0 95000 


Pressure ratio 


® Based on a stage efficiency of 80 per cent, 


80 per cent. It may be concluded that a correction by the 
factor (z — 1)/z represents very closely the influence of the 
number of expansions. 


REHEAT IN THE SATURATED REGION 


_ The thermodynamic behavior of saturated steam is so far from 
perfect that any treatment of the reheat problem on the basis of a 
polytropic expansion becomes exceedingly complex. However, a 
fundamental property 


. (8) 


of the Mollier diagram is applicable, which is merely a state- 
ment to the effect that the slope of an isobar is equal to the ab- 
solute temperature. This function is valid for either saturated 
or superheated steam, but in the saturated region, since the 
temperature’ of an isobar is constant, the manipulation of Equa- 
tion [8] is fairly simple. 

Consider an expansion, such as shown in Fig. 5, between p, 
and p,,, in a very large number of stages wholly in the saturated 
region. The reheat factor is 


l+pe = Ah 
0 


Now the reheat gain between the isobars p and p + dp, which 
have the slope 7 and 7’ + dT’, is 


dh + As(T + dT —T)—dh 
Aho 


When the stage efficiency is constant, the entropy increase is 


dp 


As 


—h 
[1 — » (1 + 
with the result that 


T 
0 1—n(1 +p) Toss 
In any expansion along a line of constant entropy between the 
pressure p, and the pressure p,+,, the temperature variation is not 
far‘ from linear with h, or 
h—h 
T = T, — (T; — 
80 the solution to Equation [9] for the reheat gain of an infinite 
number of stages is 


‘In Appendix 2 an expression is derived for the saturated reheat 
without the introduction of this approximation. 


ra (14; 


where the temperatures 7), and 7+, are those corresponding to 
the initial pressure p, and the final pressure p, +1, respectively. 
Since the temperature is defined by the pressure in the satu- 
rated zone, the reheat gain for an infinite number of stages is 
really a function of the pressure ratio and the initial pressure; this 
is plotted in Fig. 6. From Eq. (10 in the saturated, and in the 
superheated region, it is evident that the reheat gain is practically 
proportional to the loss (1 — ») that occurs in the blade group. 
Equation [10] tells nothing of the variation with the number 
of stages, but in view of the analysis for the superheated state a 
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change of the saturated reheat gain in accordance with the rela- 
tion p = [(z — 1)/z] po is undoubtedly as exact as the problem 
demands. 
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THE MAGNITUDE OF THE ERROR IN THE EXPRESSION FOR THE 
SUPERHEATED REHEAT 


In arriving at the expression for reheat represented by Equa- 
tion [7], it has been necessary to introduce two approximations: 

1 A series expansion for Equation [5a] in which all terms 
beyond the second have been neglected. 

2 Asummation in which 


72s 


whereas it is more exact to write 


1/z 1 


72s 
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Pi 


While it is fairly certain that the magnitude of these errors is 
small, it is of interest to settle the point by arithmetically sum- 
ming the expression represented by Equation '5a] for several 
extreme cases. The result is then the true reheat, subject only 
to the restrictions that (a) the vapor obeys the relations pu‘ = 
const and pv" = const for limited enthalpy changes, and (6) 
the turbine is designed with a constant enthalpy drop per row. 


n—1 


r—l1 


z Pi 


TABLE3 COMPARISON OF REHEAT GAINS, WHEN THERE ARE 
FOUR EXPANSIONS WITH AN EFFICIENCY OF 80 PER CENT, 
OBTAINED. BY APPLYING EQUATIONS [5a] AND [7] 

Pe+1 
0.011405 0.032548 
0.011400 0.032600 


Pressure ratios...... 


p (summation from Equation [5a])................ 
p (summation from Equation [7})................. 


A comparison of reheat gains obtained by using Equations 
[5a] and [7], when there are four expansions with an efficiency 
of 80 per cent, is given in Table 3. 


Appendix 2 
A More Exact EXPRESSION FOR THE SATURATED REGION 


When one examines the analysis for the saturated reheat, it is 
evident that a linear variation of enthalpy and entropy is not 
strictly true. A more elegant, yet more cumbersome, solution 
can be made easily. 
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At any point in the saturated region the enthalpy of the water- 
vapor mixture is approximated by 


h=T7c+2'R 


$= c— + — 
T T 
Then, if one may accept the specific heat of the water as con- 


stant, the enthalpy A is 
h = T(s + c) — Tc log,(7T'/492) — 492c.......... {11} 


and the entropy by 


Providing the logarithmic term is small in comparison with the 
others, there follows a linear variation of enthalpy and tempera- 
ture along s = const, as previously employed. 

Rather than admit this approximation, let us introduce 
Equation [11] in the differential expression for reheat repre- 
sented by Equation [9]. The solution is direct, and on simpli- 
fication yields 


Pew h, + 492¢ 
T, — 


which is a true expression for the reheat subject only to the 
restriction that the specific heat c of the liquid remains constant. 
TABLE 4 COMPARISON OF SATURATED REHEAT GAINS 
OBTAINED BY APPLYING EQUATIONS 10 AND 12 
Entropy = 1.65——————. —————Entropy = 1.75-———— 


Initial Pressure Initial Pressure 
pressure ratio, po from po from pressure ratio, pow from wo from 
pm, lbper Equation Equation p:,lbper Equation Equation 
sqin Pasi {12] sq in. [12] [10] 
50 10 0.0173 0.0174 
25 5 0.0119 0.0117 
10 10 0.0149 0.0150 10 10 0.0149 0.0150 
5 5 0.0102 0.0102 5 5 0.0101 0.0102 


A comparison of values of the saturated reheat gain p 
obtained by applying Equation [12] (the exact solution) and 
Equation [10] (the approximate solution) is given in Table 4. 
The data are tabulated for a stage efficiency of 80 per cent, and 
a constant specific heat of water equal to unity. 
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For superheated-steam expansions, charts show the re- 
heat factors plotted against the ratio of P,/P, up to a 
maximum value of 50 for this ratio. The probabilities 
are that these values of reheat factor are accurate to within 
one part in a thousand. 

The effect of stage efficiency is considered and results 
presented. Within the superheat region all stage effi- 
ciencies are considered to be constant. 

Wet-region values are worked out by the step-by-step 
method, and are presented entirely separate from those 
for the superheat region. Here also the effect of stage 
efficiency is included, as well as the effect of decreasing 
stage efficiency due to increasing moisture content in 
the expanding steam. The lack of uniformity in practice 
on this latter issue is pointed out and a suggestion made 
which should lead to clearer understanding. Moisture 
removal, which is prevalent in modern turbines, causes 
discontinuity in the condition curve, ‘and a suggestion 
is made for the construction of the curve for such a case. 

Finally, there is given a method of calculating a condi- 
tion curve for an expansion from any point in the super- 
heat region and terminating in the wet region. It was 
found impractical to present a chart of reheat factors for 
such expansions. 


r VHE PURPOSE of this investigation is to determine, from 
actualcalculated condition curves, values of the reheat factor 
for expansions of superheated steam and wet steam, and to 

show a method of drawing the condition curve for expansions 

from the superheated into the wet region. 

The work is based on ‘“Thermodynamic Properties of Steam,”’ 
by Keenan and Keyes (14) .? 

Fig. 1 shows on a small-scale enthalpy-entropy chart the por- 
tion considered. It is bounded roughly by the 1200-F line at the 
top, the 2.0-entropy line at the right, the 1-in.-of-mercury line at 
the bottom, and by the 1.5-entropy line at the left. There are 
areas in the corners of this plot that are little used, and which 
have not been explored to the same extent as the middle portions. 
This is especially true of the lower left-hand corner, where the 
moisture content is high. 

Definitions. Fig. 2 shows a typical step-by-step expansion on a 
Mollier diagram. Point a is the initial point, at pressure p, and 
temperature 7',, and line ab is a vertical constant-entropy line 
to the final pressure p,. The first step in this whole expansion is 
represented by the isentropic expansion ac, with reheating taking 
place to point d along cd at constant pressure. This is followed 
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Reheat Factors for Expansions of Super- 
heated and Wet Steam 


By CHARLES G. THATCHER,' SWARTHMORE, PA. 
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by several similar steps of expansion terminating at r on the 
constant-pressure line p,. A line drawn from a to r through 
points, d, f, h, j, l, n, and p at the beginning of each step, is a 
“condition curve.” As the number of steps is increased, this 
curve represents more closely the state of the expanding steam in 
a turbine with an infinite number of stages. 

The distance ac represents an amount of energy made available 
for doing work by 1 lb of steam in the first step. It may be called 
AE, (available energy). Likewise, de may be called A E:, fg may 
be called AE;, and so on. It is evident that, since the constant- 
pressure lines p,, p,, and so on, are not parallel, but spread out 
fanwise as they go upward to the right, the sum of the small-step 
isentropic enthalpy drops exceeds the original isentropic enthalpy 
drop ab. 
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The reheat factor is defined as the ratio 


The subscript n here denotes that the reheat factor is for a finite 
number of steps, n steps in this case. Since RF, is a function of 
the number of steps, for a given isentropic enthalpy drop, it 
seems advisable to convert it to RF ., or reheat factor for an in- 
a number of steps. The method for doing this will be shown 
ater. 

Another expression for reheat factor (1) is given by the equation 


‘ 
~ 
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RF, = (1 — 


where RF, = reheat factor for n steps or stages 
RH~ = reheat, Btu, h, —h,, Fig. 2 
AE,, = available energy, Btu per pound, from a to b 


e, = constant stage efficiency for each of the n stages, 
expressed as a fraction 


The derivation of this equation is as follows: As seen from Fig. 2 


where the subscript s is for any stage. Summing up these values 


for the whole expansion. 
e, = (SAE, — =RH,)/ZAE,.............. (4) 


But since the whole expansion terminates at point r, whether it 
be in one step abr or in many steps, SAE, — RH, must equal 
AE,, — RH, and 


6, = (ARS — BA) /2AE (5) 


Enthalpy 


Entropy 


Fie. 2 CuHart SHOWING STEP-BY-STEP EXPANSION 


Dividing numerator and denominator by A E,,, gives 


AE,, — RH /ZAE (6) 
or 
e, = [1 — (RH/AE,) \/RF,, ............ [2] 


It will be noted that e, is expressed as a fraction, and all stage 
efficiencies used hereafter will be expressed as fractions. 

The terms “‘step” and “stage” should not be confused. Stage 
means a stage of a turbine, while step is simply a short part of a 
whole expansion, as illustrated in Fig. 2. The two might mean 
the same, but usually do not. A step might, for example, em- 
brace several stages, or vice versa. The reheat factor for a 
single-stage turbine is unity. Equations [1] and [2] may be used 
for either steps or stages. 

Both of these expressions for reheat factor have been used in 
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this work, and if the calculations have been accurately done, the 
two expressions will give identical results. In case they do not, 
it is an indication of error, and the work should be corrected until] 
the two values come into close agreement. 


GENERAL METHOD 


Step-by-Step Construction. The direct method of construction 
of a condition curve is the step-by-step method, illustrated in 
Fig. 3. This method involves the calculation of each isentropic 


Enthalpy 


Entropy 


Mo.uurerR CHart SHOWING REDUCTION IN NET AVAILABLE 
Enerey Dur To REHEATING 
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enthalpy drop, such as ab, by means of steam tables. This is 
followed by the calculation of the step reheat be as a fraction 
(1 — e,) of the isentropic enthalpy drop ab. The end point ¢ of 
the step, after allowing for reheat at constant pressure, can then 
be found, and its entropy interpolated from the table. 

Analytical Method. It has been proposed that the condition 
curve with infinite number of stages may be constructed by 
means of an equation, given by both Robinson (2) and Hendrick- 
son and Vesselowsky (3). 


1—e, Ah, 
AS,, = 


3 The following derivation of Equation [7] is due to Professor 
Keenan: Assume that along the condition curve 
h=a-+ dT, 
where h denotes the enthalpy, 7' the absolute temperature, and a and b 
constants. For any small step in pressure 
dg = —(1 e,)dh,/T, 
where ds denotes the increase in entropy along the condition curve, 
dhs the increment in enthalpy along the isentropic passing through 
the initial state of the step, and e, the efficiency of the step. Then 
dh = e,dh,, which when substituted into the preceding equation gives 
—(1 es) dh 
Introducing the original assumption gives 
(This footnote is continued at bottom of page A-163) 
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In this equation, in which the subscripts refer to Fig. 3, AS,, 
denotes the actual increase in entropy, e, the constant stage 
efficiency, Ah,, the actual enthalpy drop, Btu, AT7’,, the actual 
temperature drop, deg F, and 7, and 7’, the absolute tempera- 
tures, deg F, at initial and final points, respectively. 

This equation has the advantage that it may be used over a 
fairly large enthalpy drop in one calculation; and since it is for 
an infinite number of stages, no correction from RF, to RF « is 
necessary. It has the disadvantage of involving cut-and-try 
methods for each calculation. 

Use of the Two Methods. The use of Equation [7] for drawing 
condition curves usually leads to results close to those from the 
step-by-step method. It will be found in using Equation [7] 
that steps of 100 or 120 F are not too large. This formula, as 
shown, depends on the constant relationship of Ah to AT over a 
finite range of the condition curve. It is a fact that this ratio is 
nearly constant for that part of the curve well within the super- 
heated region. The ratio changes rapidly in passing the satura- 
tion curve into the wet region. For this reason, the use of Equa- 
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tion [7] has been confined to those expansions terminating well 
within the superheated region. 
The step-by-step method, while it is tedious, gives reliable 


@%) , at 


ds = 


or, since b = Ah/AT, 
—(l1—e,) Ah dT 
ds = > 
az TF 
where \h and AT are, respectively, the changes in enthalpy and 
temperature across the step. Integration gives 


1—e Ah 
Asi. = — 
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results anywhere on the chart; and in this paper has been largely 
used in the superheated region and entirely in the wet region. 

Calculation of Reheat Factor for Superheated Region. In order 
to illustrate the method of deriving reheat factors, a typical 
example will be given. Curve No. 15 in Fig. 1, with a constant 
stage efficiency of 0.85 is calculated in 19 steps from 50 psi and 
614.2 F to 5.0 psi. The first step, from 50 to 45 psi is given here: 

At 50 psi and 614.2 F, 8% = 1.84319 and hs» = 1339.43 Btu. 
At 45 psi and s = 1.84319 the enthalpy is found by interpolation 
in the steam tables to be 1327.05. Hence the isentropic enthalpy 
drop AE = 1339.43 — 1327.05 = 12.38 Btu. 


Since e, = 0.85, reheat = 0.15 X 12.38 = 
Enthalpy at 45 psi, end of isentropic = 


Enthalpy at 45 psi, end of step = 


1327.05 Btu 
1328.91 Btu 


The entropy and temperature at the end of the step are then found 
by interpolation to be 1.84497 and 592 F, respectively. 

In the same manner and in small steps the whole expansion 
from 50 to 5 psi may be calculated. Thus, at 5 psi and 1.84319 
entropy, the end of isentropic expansion has an enthalpy value of 
1130.53 Btu, giving an isentropic enthalpy drop of 208.9 Btu. 
The actual point at the end of the 5-psi step has an enthalpy of 
1155.41 Btu, so the reheat is 24.88 Btu. 

From Equation [2] 


RF\y = [1 — (24.88/208.9) ]/0.85 = 0.8809/0.85 = 1.0364 


This value of reheat factor, for a finite number of steps n, may be 
corrected to RF o by the following empirical formula (2) 


RF. —1 =(RF, — 1)[n/(n — 1)] 


In this case n = 19, and RF. — 1 = (1.03635 — 1) (19/18) = 
0.03836 so that RF. = 1.03836. 

In the same way, other reheat factors RF. have been calcu- 
lated from curve No. 15, and are shown in Table 1. 


TABLE 1 REHEAT FACTORS FROM CURVE NO. 15 OF FIG. 1 
SUPERHEAT REGION 


és = 0.85 


RFn 


wo 
w 


w 


Test of Accuracy of Equation [8]. To investigate the accuracy 
of Equation [8], three expansions in the superheated region and 
three in the wet region have been worked out in different numbers 
of steps. The reheat factors from these are plotted in Fig. 4, 
with the reciprocal of the number of steps as abscissas. The 
origin is at unity reheat factor and at one stage. The evidence 
presented in Fig. 4 does not warrant drawing anything other than 
a straight line through the origin in each case; and thus it may 
be concluded that Equation [8] holds true. 


Reueat Factors IN THE SUPERHEATED REGION, WiTH INFINITE 
NuMBER oF STAGES AND ConsTANT StTaGE EFFICIENCY 


RF ~ Versus P,/P:. Most of the condition curves in this 
study have been worked out for a constant stage efficiency of 
0.85. This is a little higher than most values of stage efficiency, 
but it seemed best to work out the general relationship accu- 
rately for one value of constant stage efficiency, and then to deter- 
mine the variation of reheat factor with stage efficiency. 


| 
| | .......... (8) 
| | 4 50 6 03510 
| | 50 8 6 03045 
| Lo | | 50 10 5 02672 ae 
50 20 2 01485 Pe 
50 25 2 01195 
32 5 6 03190 
1.0] 32 8 4 02310 
32 15 2 01296 
| 32 16 2 01285 
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| 10 5 2. 01150 
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Fie. 5 Rexeat Factors FOR SUPERHEATED REGION 
(Infinite number of stages, constant stage efficiency = 0.85.) 


Fig. 5 shows how the reheat factor RF ~, for a constant stage 
efficiency and an infinite number of stages in the superheated 
region, varies with the ratio of initial to final pressure. It is 
based on the step-by-step method of constructing the condition 
curve, using Equation [1] to get the RF, and Equation [8] to 
arrive at RF... The values derived from curve No. 15 are used, 
as well as those from Nos. 14, 12, 8, and 16. The locations of 
these condition curves are shown in Fig. 1. 

To take a sample case, suppose it is desired to know the RF. 
for an expansion from 1250 psi and 925 F to 125 psi. This ex- 
pansion is entirely within the superheated region, and has a 
P;/P2 ratio of 10. The curve of Fig. 5 shows RF is equal to 
1.0386. In case this were an actual expansion in nine stages, 
RF; could be calculated from Equation [8] as RF; — 1 = (1.0386 
— 1) (8/9) = 0.03431 or RF, = 1.03431. 

Use of P:/P2 Ratio to Coordinate Values. It has been custom- 
ary to show reheat factors plotted against isentropic enthalpy 
drop, as was done by E. L. Robinson (2). It has been found that 
the ratio of initial to final pressure serves better to bring together 
the reheat-factor values from all sections of the superheated re- 
gion of the Mollier diagram in the form of a single curve. 

If the Mollier diagram be referred to, it will be seen that be- 
tween any fixed pressure limits, as 500 and 100 psi, the isentropic 
enthalpy drop becomes markedly greater on moving toward the 
right to higher entropies and increased temperatures. Within 
the range from 500 to 100 psi, it is interesting to note how much 
the isentropic enthalpy drop, A£,, of Fig. 2, increases. 


Entropy,s = 1.5 1.6 7 1.8 
AEy = 134 159 198 242 
The value of reheat factor depends on this value of AE,,, and 


also depends on the rate of entropy increase during the reheating 
process. Reheating at any step takes place along a constant- 
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pressure line; and if the constant-pressure line is steep, there will 
be a smaller entropy increase than if the pressure line is flat. In 
parts of the Mollier chart where the constant-pressure lines are 
relatively flat, one would expect relatively larger reheat factors 
because the more rapidly increasing entropy tends to increase the 
LAE value. Fig. 6 shows this. At the left are three steps be- 
tween steep constant-pressure lines, and at the right are three 


Enthalpy 


Entropy 
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(Regions where isobars are steep, at higher temperatures, and regions where 
isobars are flat, at lower temperatures.) 
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(Infinite number of stages, various stage efficiencies.) 


steps between flat constant-pressure lines. As shown, the SAE 
value for the right-hand case is larger, although the AE,, is the 
same for the two. 

Along with the increased isentropic enthalpy drop encountered 
as the expansion between fixed pressure limits is moved toward 
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the right on the diagram, higher temperatures and therefore 
steeper constant-pressure lines are found. This is evident, since 
the slope of a pressure line anywhere on the diagram is equal to 
the value of the absolute temperature at that point. Thus there 
are two conflicting influences as far as the value of reheat factor 
is concerned; first, increasing AE,,, tending to increase the re- 
heat factor, and, second, increasing slope of constant-pressure 
lines, tending to decrease it. These two influences effectually 
neutralize one another throughout the superheated region, so 
that P:/P: serves as a useful coordinator and is made the abscissa 
of Fig. 5. Using isentropic enthalpy drop instead of P;/P2 would 
not permit the representation of RF. as a single line for any 
constant stage efficiency, as in Fig. 5. 

High- and Low-Pressure Ranges. The next question which 
arises is, how does the value of reheat factor for a given expansion 
vary for equal P,/P, ratios as P, decreases? Referring to Table 1, 
Table 2 lists values of P:, P2, and RF for P;/P: = 2, and there 
is no indication of any notable difference nor of any definite trend. 


TABLE 2 

Pi RFo 
50 25 1.01195 
From Table 1...... 32 16 1.01285 
10 5 1.01150 
= = 1.01210 
1.01165 
From curve No. 12 \ 500 250 101101 
400 200 1.01275 


Limit of Pressure Ratios. Unless the whole sequence of steps 
(asacdefgh, Fig. 2) including the end point of isentropic en- 
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thalpy drop (point t, Fig. 2), is within the superheated region, 
values of reheat factor lower than those shown in Figs. 5 and 7 
will result. This limits the lower pressure P2 of a given expan- 
sion, and the pressure at 1200 F corresponding to a given entropy 
is generally less than 50 times the lower pressure limit. For this 
reason, reheat factors for values of P:/P: greater than 50 are not 
shown in Fig. 5. In fact, it is doubtful if such values would ever 
be needed. 

Magnitude of Probable Error. Two dotted lines are drawn on 
Fig. 5, showing the upper and lower limits of computed values of 
reheat factor. The probable error in the values shown in this 
figure is of the order of one part in a thousand. At a ratio of 
P,/P, = 5, from the curve of Fig. 5, RF.» = 1.027. The true 
value lies within the range from 1.026 to 1.028. The effect of an 
error in the reheat factor of one part in a thousand is to make an 
error in the reheat of that same proportion. Thus it is seen that 
no serious error can arise from use of Fig. 5. There are some un- 


certainties about steam and the expansion of steam in turbines 
that make hair-splitting accuracy unjustified. The enthalpy 
values themselves are probably correct within one part in fifteen 
hundred. One cannot be too sure concerning the accuracy of 
stage-efficiency values of the several stages in a turbine, or of the 
part played by carry-over of velocity from one stage to the next. 

Variation of Reheat Factor With Stage Efficiency in the Super- 
heated Region. Fig. 7 shows a number of reheat-factor curves 
calculated with stage efficiencies ranging between 0.45 and 0.90. 
Three sets of condition curves were used to determine the rela- 
tionships shown in this figure. One set is from 4220 psi and 1100 
F and consists of three curves with constant stage efficiencies of 
0.85, 0.80, and 0.75, respectively. This represents the left-hand 
side of the chart, Fig. 1. Nearer the center of Fig. 1 is a second 
set, consisting of six curves. The initial pressure is 1225 psi, 
and the temperature 1200 F. The stage efficiencies are 
0.85, 0.80, 0.75, 0.65, 0.55, and 0.45. Another family of three 
expansions, at the right of Fig. 1, starts from 182 psi and 1200 F, 
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Fig. 9 ReHeat Facrors In Wet REGION 
(Various stage efficiencies, no moisture correction.) 
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with constant stage efficiencies of 0.85, 0.80, and 0.75. All of 
these sets of expansions are calculated to the saturation line. 
The relation between reheat factor and stage efficiency for cer- 
tain fixed values of pressure ratio is shown in Fig. 8. 


REHEAT Factors IN THE WET REGION, FOR AN INFINITE NuM- 
BER OF STAGES AND NO MOISTURE CORRECTION 


All of the condition curves in the wet region were worked out 
step by step. In Fig. 9 the reheat factors RF are plotted 
against isentropic enthalpy drop. In these values, there is no 
allowance for moisture correction. They apply to the entire 
useful part of the wet region. See Fig. 1. Isentropic enthalpy 
drop is used here as abscissa, instead of P;/P2 ratio, as in Fig. 5, 
for superheated steam. As in the case of superheated steam, the 
isentropic enthalpy drop between fixed pressure limits increases 
with expansions at higher entropy values. In the wet region, the 
constant-pressure lines are straight, whereas, in the superheated 
region, they are concave upward. The straightness of the con- 
stant-pressure lines indicates that reheat-factor values are di- 
rectly proportional to isentropic enthalpy drops, and this is shown 
by the straight lines in Fig. 9. 

The effect of the value of constant stage efficiency on the value 


Pa) 
+ 
Entropy 
Fic. 11 Possrspte Points ror MoistuRE CorRECTION 


(Points b, d, and f are mid-points of ac, ae, and ce, respectively ) 


of reheat factor is indicated in Fig. 10. These curves show there 
is a straight-line relationship between RF . and e, for any given 
isentropic enthalpy drop in the wet region. 


REHEAT FACTORS IN THE WET REGION, FOR AN INFINITE NUMBER 
or Sracss, ALLOWING For MoIstuRE CONTENT 


Moisture in the steam lowers the stage efficiency, and various 
authors have suggested means of correcting for wetness. 

Baumann (4) suggests that the stage efficiency in the saturated 
region falls off 1.0 per cent for each per cent of moisture in the 
steam, but does not state at what point in the stage expansion the 
moisture content should be taken. 
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Blowney and Warren (6) find that the correction should be 
0.0115 reduction in stage efficiency for each per cent of “average 
moisture content in the stage,” but do not define this average 
moisture content. 

‘Franck (5) states the following formula for correction due to 
moisture (taking as an example a step from the saturation line to 
the 99 per cent quality line). ‘‘The average stage efficiency for 
this step is 


Ne = na — [1.15(1 — x) ]/2.............. [9] 


where 7, 


average stage efficiency for the step, in per cent 
(from 100 per cent to 99 per cent quality) 


n1 = Stage efficiency of the beginning of the step, in per 
cent (i.e., at 100 per cent quality) 
x = quality of steam at the end point of the step, in per 


cent (i.e., 99 per cent quality). 


Then = nau — 0.575.” 

In Fig. 11 is shown a step of an expansion anywhere within the 
wet region. Starting with pressure p; and an initial moisture 
content represented by the constant-moisture line through point 
a, the step terminates at point e, on the constant-pressure line p2, 
and at a moisture content higher than the initial. Point a may 
be at any moisture content, either on the saturation line of zero 
per cent moisture, or at a higher per cent of moisture. As possi- 
ble reference points for moisture correction, there are marked on 
Fig. 11 points }, c, d, e, and f. 

Some engineers use the moisture at point f as a basis for 
correction and some use other reference points. There is not only 
a lack of agreement as to the point at which the moisture should 
be taken for a correction to stage efficiency, but also a difference 
in practice as to the correction factor to be applied. The latter 
varies from 0.01 to 0.012, and this variation is probably due in 
large measure to the choice of point at which the correction is to 
be applied. 


TABLE 3 
Case Moisture from Correction for Final Reheat fac- 
no. point, Fig. 12 1% moisture enthalpy tor, RF « 
1 none 993.86 1.02616 
2 c 0.0085 1004.6 1.03030 
3 c .009 1005.13 1.03063 
4 ¢e 0.010 1006.13 1.03090 
5 b 0.010 1004.21 1.03020 
6 b 0.012 1006.21 1.03100 
7 d 0.010 1003.05 1.02910 
8 d 0.012 1004.79 1.03020 
9 0.0115 1007.01 1.0311 
10 { 0.010 1005.41 1,03024 
By Franck’s method 
11 0.0115 1000.19 1.02337 
12 0.015 1001.95 1.02935 


Table 3 shows comparative values of reheat factor derived from 
an expansion in the wet region, using different points indicated 
in Fig. 11 for moisture content, and using different correction 
factors for moisture. The expansion is from 14 psi dry saturated 
to 1 in. Hg abs by 6 steps. The initial stage efficiency is 0.75. 
The isentropic enthalpy drop is 203.1 Btu. 

Referring to Fig. 11, it will be seen that mid-point d represents 
the least, and point c the greatest, amount of moisture. But if a 
higher correction factor were used for moisture at mid-point f 
than at c, and a still higher correction factor at d, it would be 
possible to have equal stage efficiencies and coincident condition 
curves. 

A correction factor based on point c, Fig. 11, has the advantage 
that it involves no cut-and-try operations in the cale-.iation, and 
is therefore the easiest to compute. In this paper, a correction 
factor based on moisture at point c, Fig. 11, is used for the calcula- 
tion of expansions in the wet region, where a correction is made 
for the moisture in the steam. Furthermore, a reduction of 0.01 
in stage efficiency for each per cent of moisture at point c is ap- 
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plied to the stage efficiency of the step. Each step is calculated, 
as illustrated in Fig. 2, starting from the final point of the previous 
step. The moisture at point c, Fig. 11, is readily determined 
for the step under consideration and the stage efficiency calcu- 
lated for that step. Thus, if the moisture content at point c is 
7.69 per cent and the stage efficiency for dry saturated steam is 
0.75, the stageefficiency for thestep under consideration will be 0.75 
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Fig. 12 Reneat Facrors Moisture CorRRECTION AND 
Various StTaGe EFFICIENCIES 


(Solid lines, corrected for moisture. Reduction in efficiency of 0.01 for each 
per cent moisture present at end of stage isentropic enthalpy drop. Dashed 
lines, not corrected for moisture.) 


— (0.01 X 7.69) = 
0.6731. This stage ef- 
ficiency applies to the 
isentropic enthalpy 
drop of this step only. 
It is therefore rec- 
ommended that point 
c be adopted as the 
standard reference 
point for moisture cor- 
rection because of its 
ease of location. It is 
further recommended 
that correction factors 
be adjusted to point c 
by turbine designers 
for uniformity of data. 
Fig. 12 shows, as 
solid lines, reheat factors in the wet region for an infinite number 
of stages with this moisture correction of 0.01; and as dotted lines, 
RF. uncorrected for changes in stage efficiency due to moisture. 
Effect of Moisture Removal. It has been the practice to intro- 
duce moisture catchers in the last few stages of steam turbines and 
a portion of the moisture in the steam is removed at such points. 
The effect of this removal of moisture on the lower end of a 
condition curve is shown in Fig. 13. The condition curve, 
crossing the saturation line at a, would normally proceed through 
b and ¢ to the exhaust pressure at d. But, owing to moisture 
removal after the be stage, the actual condition point at pressure 
p, for expansion in the succeeding stage is raised from c to e. 
Likewise, point f is raised to g, and the end point of the condition 
curve from d toh. 
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It would be impossible to work out a set of reheat factors 
covering expansions when moisture is removed at one or more 
points. If it is desired to draw a real condition curve when there 
is moisture removal at the last two stages, as in Fig. 13, the origi- 
nal curve abe should be producea to the terminal pressure at d, 
and point h estimated by the total amount of moisture to be 
removed. From point h, it is possible to design the last stage gh, 
keeping in mind that for a single stage the reheat factor is unity 
for the expansion limited to that stage only. Location of point g 
is by a cut-and-try method. From point g, it is possible to locate 
J by the estimated amount of moisture to be removed just before 
the last stage. The next to the last stage ef, Fig. 13, may be 
calculated in the same way, and point c determined. It is thus 
seen that it will be possible to obtain a value for reheat factor for 
only that part of the wet-region condition curve which lies be- 
tween the saturation line and point c. With each of the stages, 
ef and gh, the same method should be applied as if these stages 
were ck and kd, but the moisture content will be less, and the 
stage efficiency correspondingly higher. Consequently, the lines 
ef and gh are not actually parallel to ck and kd, but are slightly 
steeper. 

It is to be noted that following any moisture removal, the 
actual weight of working substance is reduced, and there is a 
corresponding reduction in the work per pound of steam entering 
the throttle in the stages affected by moisture removal. 
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Fig. 14 RexHeat Factors ror TypicaL Expansions From SupPErR- 
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REHEAT Factors FOR EXPANSIONS FrRoM THE SUPERHEATED 
Rescion INTO THE Wet REGION 


Effects of Undercooling. No allowance for undercooling has 
been made in the calculation of reheat factors in the wet 
region. If an expansion starting in the superheat,region proceeds 
into the wet region but not beyond three or four per cent of mois- 
ture, the reheat factor should be taken as though the whole ex- 
pansion lies within the superheated region. Yellott and Holland 
(7) place the Wilson line at approximately 4'/; per cent of mois- 
ture so that an expansion to 3 or 4 per cent moisture would lie 
wholly in the undercooled region where, according to theory, 
steam continues to expand as in the superheated region. 

A Typical Expansion From the Superheated Region to Wet 
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Region. Fig. 14 shows how the reheat factor varies with isen- 
tropic enthalpy drop over an expansion (a) from 650 psi at 916 F 
to 1 in. Hg abs., and (6) from 500 psi at 700 F to 6 psi, with no 
consideration of undercooling. In both cases the constant 
stage efficiency is 0.85 in the superheated region and a reduction 
of 0.01 is allowed for each 1 per cent of moisture on the basis of 
point c, Fig. 11. Each new set of initial conditions, pressure, 
temperature, and stage efficiency will yield a different curve when 
plotted to the coordinates of Fig. 14. 

Because of this difficulty and the multiplicity of curves that 
would be necessary to cover all cases of expansion, no attempt 
was made to tabulate or show graphically the values of reheat 
factors for expansions crossing the saturation line. 

If it is desired 
to draw a condi- 
tion curve from a 
point in the super- 
heated region to 
an exhaust pres- 
sure well within 
the wet region, it 
is possible to do 
so with the help 
of Figure 7 for 
the part in the 
superheated re- 
gion, and Fig. 9 
or 12 for the part 
in the wet region. 

The method 
may be briefly de- 
scribed as follows: 
The expansion is 
divided into three 
steps. The first 
step is to pressure 
P,, Fig. 15, which 
is the pressure line 
that intersects the 


Enthalpy 


Entropy 
the entropy of 
state a. This 
part of the expan- 
sion is entirely 
within the superheated region so that with the aid of a reheat 
factor from Fig. 7 the state c on the condition curve at pres- 
sure p, may be found. The next step is a small one from c to 
pressure p, which is selected so that the state on the condition 
curve at pressure p, will lie on or near the saturation line. This 
state may also be found with the aid of Fig.7. The third step is 
from state e to the final pressure for which the reheat factor is 
given by Fig. 12; but the mean stage efficiency must first be 
approximated. A calculation of the state g based on the reheat 
factor for the assumed mean stage efficiency will provide data 
for a second approximation to state g. 

If the reheat factors of Figs. 7 and 12 are corrected by means of 
Equation [8] to apply to a finite number of stages the states c, e, 
Jf, and g of Fig, 15 will be moved to the right as shown by c’, e’, 
J’, and g’. 


Fig. 15 Metuop or Construcrine ConpI- 
TION CuRVE SUPERHEATED TO WET 
REGIONS 


ConcLusions AND RESULTS 
1 The step-by-step method of calculation of condition curves 
in both superheated and wet regions is the most generally accu- 
rate and satisfactory one. The method employing Equation [7] 
1—e, Ah,. 


JOURNAL OF APPLIED MECHANICS 


saturation line at’ 


DECEMBER, 1938 


may be used, within limits, with great accuracy and time saving. 

2 The relation of the reheat factor with a finite number of 
stages RF, to the reheat factor with infinite number of stages 
RF. can be represented with reasonable accuracy, by the em- 


pirical expression RF. —1 = (RF, — 1)[n/(n —1)]...... [8] 


where n is the number of stages. 
heated or wet regions. 

3 Reheat factors for expansions of superheated steam can be 
expressed as functions of the pressure ratio P;/Ps, Figs. 5 and 7. 

4 Reheat factors for wet-region expansions without moisture 
correction are shown, in Fig. 9, to be functions of the isentropic 
enthalpy drop. 

5 Reheat factors for wet-region expansions, with moisture 
correction, are also shown as functions of the isentropic enthalpy 
drop in Fig. 12 on the basis of 0.01 stage efficiency reduction for 
each per cent of moisture at end of stage isentropic expansion. 

6 A recommendation is made that a standard method of 
moisture correction be adopted. 

7 The effect of stage efficiency on reheat factors for super- 
heated steam and wet steam is shown in Figs. 7 and 9, respectively. 

8 A method is developed for locating any condition curve 
starting in the superheated and terminating in the wet region. 


This applies in either super- 
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Steady Oscillations of Systems With Nonlinear 
and Unsymmetrical Elasticity 


By MANFRED RAUSCHER,' CAMBRIDGE, MASS. 


Steady forced oscillations are reduced to free undamped 
oscillations of the same amplitude. The reduction is 
accomplished by changing the excitation from a time 
function F(t) into a space function F(x) through the 
assumption that x and ¢t are related as in a free motion. 
By combining F(x) with the elastic restoring force E(x), a 
new effective E(x) is obtained, to which there corresponds 
a new ‘free’? motion, which in turn furnishes a second 
approximation for the relation between x and t, and hence 
a new function F(x). A new effective E(x) and a new free 
motion are then found; and the cycle is repeated until 
the relation between x and t ceases to change. The fre- 
quency of the forced motion at the assumed amplitude is 
then known. In general, the process converges rapidly. 
The accuracy can be checked at any stage of the work. 
A general criterion of the stability of the motions is 


offered. 


THE PROBLEM 


ISCOURSES on the vibrations of systems with nonlinear 
[ ) characteristics are already plentiful. They deal 

exhaustively with the free undamped oscillations of such 
systems, and offer many schemes for tracing the progress of 
damped and forced motions from given beginnings. They do 
not, however, provide any generally satisfactory method of study- 
ing forced oscillations in the steady state. 

The qualities regarded as essential in a satisfactory method are 
generality, simplicity, and verifiability. This paper? presents a 
method which largely possesses these qualities. The method 
offered is definitely verifiable at all stages of its application. It 
is as simple as seems possible in view of the basic complexity of 
the problem. It is general, under the single proviso that elastic- 
ity rather than damping governs the motion to be studied. 

The following notation will be used: 


I PRESENTATION OF 


A = amplitude of displacement on the softer side 
B = amplitude of displacement on the harder side 
D(x) = f(dx/dt) = damping force at displacement x 


E(x) = elastic restoring force at displacement x 
F(x) = outside exciting force at displacement x 
F(t) = outside exciting force at time ¢, assumed periodic 
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2 Based on a thesis submitted to the Massachusetts Institute of 
Technology in 1936. Besides the field of the present article, the 
original paper covers nonharmonic excitation, excitation through 
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f = friction, or damping constant 
k = rate of change of E(x) with x (“stiffness’’) 
k, = rate of change of E(x) with z at zr = A 


m = mass 
Po1,2 Qi. = components of outside exciting force 
R = net inward force acting on mass m 


ro... = components of displacement x 


t = time 
W(A) = work done between x = Oandz = A 

W = damping loss during one cycle 

Wy, = energy put into system by F during one cycle 
x = displacement 
6 = sin ~1(x/A) 
@ = phase angle between force and displacement 
w = frequency 


Mathematical Formulation of the Problem. The problem is 
represented mathematically by the differential equation 


dz 


in which z is the displacement of the mass m from a fixed datum 
at any moment ¢; f is the friction or damping constant of the 
system; E(x) is the elastic restoring force; and F(t) is the out- 
side excitation, assumed periodic and expressible in the form 


F(t) = Po + P, cos wt + P, cos Qwt + .......... 


+ Q: sin wt + sin [2] 


Because E(x) is nonlinear, the effects of the various terms in 
F(t) are not separable. It is, however, possible to absorb Po in 
E(x) by shifting the origin of zx. Thus, if z were initially measured 
from the position of zero elastic force, it must now be measured 
from the position for which E(x) = Po. With respect to that 
position, the system will generally be unsymmetrical. Asym- 
metry is therefore presumed to accompany nonlinearity through- 
out this study. 

Steady Oscillations. 
tions: 


There are three kinds of steady oscilla- 


(a) Undamped free motions. 

(6) Undamped motions under the influence of external forces 
doing no net work over a complete cycle of the motion. 

(c) Damped motions under outside forces which provide dur- 
ing each cycle just the energy dissipated through friction. 

These motions are all related, and it will be found that types 
(6) and (c) can generally be derived from type (a) by simple 
processes. 

General Vibration Characteristics of Nonlinear Systems. The 
free undamped oscillations of nonlinear systems differ from those 
of linear systems in that they are not sinusoidal and that their 
frequency depends on the amplitude. Fig. 1 illustrates the in- 
fluence of elastic nonlinearity on the form and the duration of the 
vibrations of a “soft’’ system (a) and of a “hard’’ system (6); a 
soft system being characterized by a stiffness decreasing with 
increasing deflection, a hard system by a stiffness which increases 
with the deflection. Fig. 2 gives the relation between amplitude 
and frequency in each of these motions. In Fig. 3, the motions 
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have all been reduced to the same amplitude and duration, so as 
to allow a comparison of their forms. Fig. 4 shows more gen- 
erally the limits between which the forms of the oscillations may 
vary, any curve continually concave downward between O and A 
being possible. 

Figs. 1 to 4 cover only the motion on one side of the neutral 
position. As already observed, the motion is generally not sym- 
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metrical about that position. A double diagram is therefore 
needed to cover the whole problem. Fig. 5 shows such a diagram 
for a system with the characteristics of the soft system (a) on 
one side and the hard system (b) on the other. Points on the two 
branches of the amplitude-frequency curve are related through 
the fact that the maximum displacements of the two half mo- 
tions must always correspond to equal potential energies. 

The w-axis (x = 0) and the amplitude-frequency curve give the 
amplitudes of free undamped motions possible at the various 
values of w. These lines form the skeleton of a group of curves 
relating the amplitudes and frequencies of steady motions 
possible under outside forces of different magnitudes, 1, 2, 3, ..., 
as illustrated for an undamped system in Fig. 6, and for a damped 
system in Fig. 7. 

A noteworthy feature of the curves in Figs. 6 and 7 is that 
they indicate three possible states of motion under a given force 
at certain frequencies. It will be seen later that only two of these 
states can actually be maintained indefinitely. Stable and un- 
stable states are denoted by full lines and dots, respectively, in 
Fig. 8. Section (a) refers to a predominantly soft system, and 
(b) to a predominantly stiff system. 

Because the motions with the lowest amplitudes are stable 
at all frequencies, they are the ones that normally establish them- 
selves when a system, initially at rest, is subjected to an excita- 
tion of a definite frequency. Points on the upper branch of a 
response curve can thus be reached only by a gradual variation 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1938 


of the frequency from a range in which the only possible state of 
motion is represented by that branch. The arrows in Fig. 8 in- 
dicate how the motion jumps from one section of the response 
curve to the other as the exciting frequency w is raised and 
lowered. 

The term “resonance’”’ is used in much the same way with non- 
linear systems as with linear ones. It will here be taken to denote 
the state of motion which, for any particular amplitude, requires 
the smallest sustaining force. It is characteristic of nonlinear 
systems that their oscillations cannot grow from small beginnings 
to large final amplitudes at any one frequency, and, in particular, 
that infinite amplitudes can build up at no fixed frequency even 
when there is no damping. 


II Free oF UNDAMPED SysTEMS 


The proposed treatment of the problem consists in reducing 
the forced motion of a given system to the free undamped motion 
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of a modified system. Methods for dealing with free motions will 
therefore be considered first. 


Graphical Integration of Equation of Free Motion. For free un- 
damped motions, Equation [1] reduces to 


d*z 
mon = 0 


Hence, by integration over z, with “ =v 
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1 A 4 f ¥ 
x 


if m starts from rest at x = A, 
The integral fy E(x) dz, representing the work done by E be- 
tween A and z, can be expressed as 


A A x 
f E(x) dz = f E(x) dx — f E(x) dx = W(A) — W(z) 
x 0 0 


[4] 


if W( ) is the work done by E between x = 0 and the limit in- 
dicated in parentheses. The integral can therefore be scaled 
from a plot of W(x) against z, as in Fig. 9. The value of v is then 
calculated by Equation [4] and the time corresponding to any 
displacement z is finally found as 


Ay A 
by integration of 1/v over z. 

Integration of 1/v in Vicinity of x = A. At the first moment, 
when z = A, 1/vis infinite. The integration of 1/v can therefore 
not be performed graphically in the vicinity of A, and resort 
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W(x) E(x) | 
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w/(A) 
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must h¢had tegeme analytical method for the interval in which 
v is small,» 
Near z = a the elastic force may be expressed as 


E(z) = BA) — k,(A — 2) (7] 


ka denoting rate E(x) with zx at = A. The 
equation of the motion dsitherefore 


— 2) [8] 


Tie by familiar processes, 


m(A — 2) ) 
E(A) — E(z) 


‘hig ¢ 


if k, is positive, or 
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m _,( 
on (22) 
m(A — =) 


_, (Ba) 


when k, is negative. In the special case when ky = 0, i.e., when 
there is a constant acceleration E(A)/m during the interval con- 
sidered 


ft 
| 
dt Linear 


do 
vin A/2W(A) Yara 
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Transformation of Integral for Graphical Treatment. A com- 
pletely graphical evaluation of the time integral, Equation [6], 
is also possible. It merely requires a change of variable, to 
keep the integrand from becoming infinite near r = A. A sub- 
stitution suitable for this purpose is z = A sin 0. 

The integral then becomes 


The time is thus represented by the area under the plot of dt/dé@ 
= A cos 6/e against the new variable 0, which changes between 
the limits 0 and 7/2 as z varies between 0 and A. 

Fig. 10 shows the general characteristics of the dt/d@ curve in 
the case of a soft system and of a hard system. The end points 
of the curves are determined by the facts that % 48 


2W(A) 
™m 


—A sin (d0/dt) 
dv/dt 


At 


.. [12] 


at 


—E(A)/m dt’ 


dt O 
and at = x/2, 


dt mA dt mA 
(x) = E(A) = (=4) [14] 


For a linear system, the dt/dé curve becomes a horizontal straight 
line, dt/d@ then having the constant value +/(m/k), to which 
A-x/[m/2w(A)] and »/[mA/E(A)] reduce when E(A) = kA 
and 2W(A) = kA?. 

Example 1. For an application of these methods, consider the 
free oscillations of a mass, m = 1, on a spring with the character- 
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$0 istics shown in Fig. 11. Let A 
= = 1.5 be the amplitude of the 
Eos particular motion to be studied. 
Equation [10] gives, between 
z =1.5andz = 1.0 
0 
Fia. 11 
Between x = 1.0 and z = 0, 
25 t is determined by graphical in- 


tegration of 1/v over x. Fig. 12 
gives the plot of 1/v against z, 
together with the time curve. 


” a The latter starts from the point 
at be t = 1.313 at z = 1.00, to which 
it was brought by Equation [10]. 
PST) VA <3 Table 1 indicates the prelimi- 
a4 by nary steps for a wholly graphi- 
05 \ cal integration. 
‘ ¥ Fig. 13 shows the plot of (1.5 
cos 6)/v against 6, and the inte- 
05 os 10 is grated curve for ¢. Reading off 
*% t at the @’s which correspond 
Fie. 12 to the various points initially 
25 
N 
19 
05 
Fig. 13 xX 


picked, the z-t curve of Fig. 12 is again obtained. 


TABLE 1 
z 1.50 1.40 1.20 1.00 0.80 0.50 0 
v? 0 0.11 0.39 0.75 1.11 1.50, 1.75¢ 
1/v © 3.03 1.602 1.155 0.949 0.816 0.756 
sin @ 1.000 0.9334 0.8000 0.6667 0.5333 0.3333 0 
6 0.5000x~ 0.3887" 0.29534 0.2323¢ 0.17907 0.1082" 0 
cos @ 0 0.3590 0.6000 0.7455 0.8459 0.9428 1.000 
1.5cos 1.732 1.632 1.440 1.292 1.204 1.153 1.133 


III or UNDAMPED SystEMS UNDER HARMONIC 
EXcITATION 


Phase Relation Between Force and Motion. A typical element- 
ary case of forced motion is that of an undamped system oscillat- 
ing under a simple harmonic force at the frequency of the force. 
The force, doing no net work over a cycle, must be either in 
phase with the motion or 180 deg out of phase. If time is meas- 
ured from the moment of the system’s extreme displacement on 
the soft side, the force must thus be a cosine function of the time, 
F = + P cos ot, as indicated in Fig. 14. ; 

Absorption of F(t) in E(x). The net inward force acting on the 
mass m at any moment is 


Because z is a function of t, or ¢ a function of z, R may formally 
be expressed in terms of ¢ alone or of z alone as 


R(t) = [16] 
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or 
Ris) = Bis) — FG). [17] 


Either of these equations can be made the basis of a solution of 
the problem of forced motion. 

Equation [17] suggests the possibility of reducing the forced 
motion of the given system under F(t) to the free motion of a 
system with an elastic characteristic R(x). The crux of the 
problem then becomes the finding of a way to change F(t) into 
F(x) so that R(x) may be determined. The following is such a 
way: 

An amplitude is arbitrarily assumed for the motion on the soft 
side of the system. The assumption is then made that the time- 
displacement curves of the free motion and of the forced motion 
at the same amplitude are identical, and that the frequency of 
the force is the same as that of the free motion. This defines z 
and F as functions of t, and consequently F as a function of z. 


Fig. 14 
A A (a) 
x 
x Xo 
x2 
t w 
2 
B B 
Be B, 77 (b) 
Fie. 15 Fie. 16 


R(x) is therefore determined. But since the forced motion of the 
system is actually not quite the same as the free motion, this 
first R(x) is only an approximation to the true one. Thus, keep- 
ing the amplitude of the motion on the soft side of the system 
unchanged, the free motion corresponding to the approximate 
R(x) is determined, and the frequency of the force is adjusted to 
that of the new motion. A new relation between z and F is thus 
established, and a second R(x) is found. The cycle is then re- 
peated again and again. After a sufficient number of repetitions 
of the process, the functions F(x) and R(x) cease to change per- 
ceptibly. This means that the assumed relation b ‘'v7en x and 
t has become the true one. Hence the problem is solved. 

In practice, the convergence of the process is usually found to 
be so rapid that sufficient accuracy is obtained in the second or 
third approximation. The final accuracy can readily be checked 
by finding the R(x) on which the next approximation would. have 
been based, and observing the difference between it and the R(z) 
which underlay the last approximation actually carried through. 

Throughout this paper, the softer side of an unsymmetrical 
system is denoted by the index A, the harder side by the 
index B. The amplitude on the A side will always be held con- 
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stant while the w appropriate for that amplitude under a given 
excitation is sought; in general, it will then be found that the 
corresponding amplitude on the B side is not quite the same for 
the forced motion as for the initially assumed free motion. Figs. 
15 and 16 show how two corresponding points (a) and (b) on the 
A and B sides of a response curve are obtained by successive 
approximations. Other pairs of points are found by starting 
with other amplitudes A. 

While the process just outlined is the one on which all the 
following discussions are based, an alternative approach can be 
built on Equation [16]. In that approach, starting also with the 
free motion, E(x) is changed into E(t) on the basis of the relation 
thus laid down between z and t. The next approximation for z 


1.0 


05 
E(x) (A) 


10 20 


(B) 
“15 


Fig. 17 
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is obtained by double integration of E(t)/m over t. The process 
is then repeated, again and again, until successive repetitions 
cease to change R(t) noticeably. The process is thus just as 
simple as the one considered first; if it is regarded as inferior 
here the reason is that the changing of H(z) into E(t) involves 
greater inaccuracies than the changing of F(t) into F(z), since 
E is generally greater than F. Special cases may, however, be 
found in which the second method is preferable. 

In either approach, the firet approximation to R(x) would al- 
ready represent the final R(z) if the system were linear, because 
F and E then would vary alike, linearly with the displacement of 
m and sinusoidally with time, so that the superimposition of 
—F on E would simply change the effective E everywhere in the 
constant ratio 


B—F kA—P_ P 
kA 
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as already established in the first approximation to R(z). How 
many times the process of approximation needs to be repeated 
thus depends on how markedly the system departs from linearity. 

A Short Cut. In the case of a linear system, F(t) = P cos wt 
leads to a linear function F(z), as just seen. Experience shows 
that F(z) remains roughly linear for systems with any arbitrary 
characteristics. A short cut in the general procedure outlined 


15 


fF (x) 
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above is therefore possible: Instead of finding the first approxi- 
mation to R(x) by the general method, one begins by assuming 


F to vary linearly from P at x = A to —P at x = —B, with B 
related to A as in a free oscillation. This gives at once 
2x — A+B 


R(x) = E(x) —P 


A+B 


Thereafter the general method is again followed. 

For a linear system, the short cut gives the final R(z) at once, 
and the first z-¢ relation calculated is already the true one. 
For slightly nonlinear systems, the assumed F(z) differs some- 
what from the true one, but usually by so little that the z-t re- 
lation based on this R(x) is indistinguishable from the true re- 
lation. Only with systems of very pronounced nonlinearity must 
the cycle of approximation be repeated. In any case, however, 
the short cut reduces the number of necessary repetitions by at 
least one. 

Because its application is limited to undamped systems under 
harmonic or nearly harmonic excitation, the short cut will not 
be used in the following example, which aims to illustrate mainly 
the general method. 

Example 2. Consider, as an example, the motion of a mass, 
m = 1, on a spring with linear elasticity on one side and with the 
characteristic of the system of example 1 on the other side. See 
Fig. 17. Let the amplitude of the motion on the A side be A = 
1.5; and let there be an excitation F = +0.1 cos ot. 

In the free motion of the system, the amplitude B correspond- 
ing to A = 1.5 is such that W(B) = W(A), ice. 

1 1 
- kB? = — B* = 0.875, B = 1.32 
2 2 

The first approximation for x(t) is thus as shown by the curve 
zoin Fig. 18. With z() is plotted F(t); and from the two curves 
is found, in Fig. 19, the first approximation F; for F(z), and hence 
R, for R(x). The free motion corresponding to R, is found by 
the processes of section II. It is represented by z, in Fig. 18. 
F(t) is now replotted to correspond to the frequency of 2, and 
there is found the second approximation F, for F(z), and R; for 
R(x). Because R; is almost indistinguishable from R,, the process 
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need not be carried any further; x; represents accurately the 
motion of the system under the specified conditions. 

Fig. 20 shows the response curve of the system for the excita- 
tion F = + 0.1 cos wt. It brings out the remarkable fact that 
the curves for in-phase and out-of-phase excitation may cross 
on the stiffer side of an unsymmetrical system. 
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IV oF Dampep Systems UNDER HARMONIC 
EXCITATION 


General Effects of Damping. The presence of damping calls for 
a phase shift between force and motion that will allow the force to 
replace, from cycle to cycle, the energy used up by friction. Ifthe 
motion is given by the series 


z= +7; cos wt + cos Qwt [18] 
the force expression must then be put into the form 
F = P cos (wt + ¢) = (P cos ¢) cos wt — (P sin ¢) sin wt 


with ¢ as yet undetermined. 
The damping loss during a cycle is 


‘wt = ‘wt = 2 
dz dz 
= d. = 
(2) f wi =0 @ 
= + (2m)? +... ]...... [19] 
The energy put into the system by F is 


wt = 2r 
Wy = Fdz = Gar 
wt =0 wt =0 dt 


Hence, putting Wr = Wp, 


Methods of Dealing With Damped Motion. The forced motion 
of a damped system may be derived directly from the free un- 
damped motion, or indirectly from the forced undamped motion. 

In the direct approach, Wp and Wy are first calculated as if 
the actual motion were the same as the free undamped motion. 
A first value of ¢ is found, which in turn fixes the first R(z) 
through the relation 


R(x) = E(x) — F(z) + D(z)............ [22] 
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with 
dx 
D =f— 
(x) =f 


On the free undamped motion corresponding to this R(x) is then 
based a second approximation, and the process is repeated until 
R(x) becomes stationary. 

In the indirect approach, a forced instead of a free undamped 
motion is initially assumed. Because of this generally better 
first approximation, the process converges more rapidly. 

In the absence of damping, a given force can maintain, at the 
appropriate frequency, an oscillation of any amplitude. When 
damping is introduced, certain amplitudes may no longer be 
maintainable under certain forces. The first step in the study 
of a damped system is therefore logically the determination of the 
amplitude ranges for various forces. 

According to Equation [20], the maximum work a harmonic 
force can do on a system during one cycle is xPr;, when ¢ = 
x/2. To be just sufficient to maintain the motion, this work must 
just balance the friction loss of + (2r,)? + ........... 
Hence the force P may not be less than 


FA) 
Prin 
~ 
A 
Fie, 21 
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In this equation, the r’s must be the ones corresponding to the 
actual motion under the influence of P. For a first approxima- 
tion, that motion is assumed to be like the free motion. Under 
the particular condition here considered, this first approximation 
is generally a very good one, because F is largely offset by the 
damping effects. Nevertheless a second approximation is desira- 
ble asa check up. This approximation is obtained from the first 
one by the method already outlined, i.e., by finding F(x), D(z), 
R(x), and the free motion corresponding to R(x). From the 
motion thus obtained, the corrected, and usually final, value for 
Pain is then found. 

With Pmin determined for a number of amplitudes, a plot 
of Pmin against amplitude can be made. This plot, which would 
be a straight line for a linear system, is found to defect from 
linearity in the same general manner as E(z). An interesting 
result is that the Pmin curve may, peak, as shown in Fig. 21, 
when the system is of the type considered in examples 1 and 2. 
Oscillations of large amplitude can then be maintained by a 
force incapable of supporting oscillations of medium amplitude. 
After the determination of the range of amplitudes over which a 
given P can maintain steady oscillations, the response curves for 
the various P’s over their respective ranges can be found by the 
processes already outlined. 

Example 3. Consider, for illustration, a symmetrical system of 
the type of example 1 under an excitation F = 0.1 cos (wt + ¢) 
in the presence of various amounts of damping f = 0, 0.05, 0.10. 
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Take again as typical the oscillation of amplitude A = 1.5. 
Figs. 22 and 23 show how the motion of the undamped system is 
derived from the free motion found in example 1. 

In Fig. 24, » has been plotted against z. The area under the 


curve is 
x=0 
x=1.5 
Hence, tabulating 
f 0 0.05 0.10 
Wp 0 0.072 0.145 


Now, if the damped motion were exactly like the undamped 
one, the phase angle ¢, which would allow the force to maintain 
the motion against the damping, would be such that 


Wy = Fdz 
x=1.5 


x=0 
(P 008 #) co8 — (P sin ¢) sin wt = Wp. . [25] 

the work balance needing to be considered for a quarter cycle 
only, since all quarters are alike in the first approximation. 
With z a cosine function of wt, dz is a sine function of wt. .Thus, 
only the term with sin wt in the bracket of the integrand contrib- 
utes anything to the integral. So, 


Wp = —Psing sin (wt)dz 
x=1.5 


x=0 x=0 


‘wi =e /2 


i= 


The value of the integral, obtained by plotting |x cos (wt) | 
‘against (wt), as shown in Fig. 25, is found to be 1.27. Thus 


1.45 
Wp = 1.27 P sin ¢, or P sin ¢ 1.14f 


To see whether or not the first approximation to the motion 
is close enough, take the most heavily damped motion (f = 0.875) 


w 
Fig. 27 


that can be maintained by P sing = P = 0.1; find the differ- 
ence F(z) — D(z) between R(x) and E(x); and observe whether 
that difference will modify the motion perceptibly. Fig. 26 
shows that the difference, though slight, is noticeable. The mo- 


tion will therefore differ somewhat from the free motion. But- 


since the modifying effects are not large, and are oppositely di- 
rected over the two halves of a cycle of the motion, they will 
leave the frequency practically unchanged. Wp and W, also 
remain essentially as they were. The amplitude-frequency re- 
lation obtained by the first approximation may thus be taken 
as final. Fig. 27 gives the complete response curves for the exci- 
tation 
F = 0.1 cos (wt + ¢) 


The curves for f = 0.08 and 0.09 have been added to show the 
delicate relation between damping and response in the present 
problem. 


SraBiuiry OF THE OscILLATIONS 


The association of stable and unstable states of motion with 
certain parts of the response curves has so far been purely em- 
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pirical. It will now be shown how the observed facts can be ac- 
counted for rationally. 
- Stability and Instability. To begin with, the meaning of stabil- 
ity and instability must be made more specific: 

A motion will be considered stable if it tends to reestablish 


itself in its original form after a slight disturbance. The term 
unstable will be applied to a motion which, after such a dis- 
turbance, departs further from its initial form and tends to estab- 
lish itself permanently in some other form. 

Undamped Motion. A nonlinear system without damping can 
be neither stable nor unstable. So long as there is no friction, 
any incidental disturbance merely changes a steady oscillation 
into a periodically variable one. The following considerations 
will make this clear. Merely for the sake of definiteness, they are 
restricted to a soft system; a similar argument could, of course, 
be given for a hard system. 

To keep the discussion as simple as possible, it will be assumed 
that the periodic external force is very small compared with the 
elastic forces involved in the motion, and that the effect of the 
force on the frequency of the motion may therefore be neglected. 
For the sake of convenience, it will also be assumed that the initial 
disturbance is simply a sudden slight increase in the amplitude 
over its steady value. Then, as a result of this increase in ampli- 
tude, the motion will slow down slightly; and the force, whose 
frequency remains unchanged, will advance relative to the mo- 
tion. If the force was originally in phase with the motion, it 
will now begin to put energy into the system, causing the ampli- 
tude to grow further and the frequency of the motion to drop 
more. This goes on until the motion lags behind the force by a 
phase angle of 180 deg. After that, the force, running still further 
ahead of the motion, begins to take energy out of the system; 
and by the time the lag angle becomes 360 deg, the motion is 
back in the state from which it started. The disturbance is thus 
periodically magnified and contracted again to what it was at first. 
On the other hand, if the force had been 180 deg out of phase 
with the motion in the original steady state, the disturbance would 
have been periodically reduced and expanded again to its initial 
magnitude. In either case, the disturbance would thus trans- 
form the initially steady oscillation into a cyclically varying one. 
Under larger applied forces, these cyclic variations would become 
more severe and more difficult to follow; but in their basic na- 
ture they would remain the same. Damping is therefore essential 
if the disturbed motion is to settle down to a steady state again. 

Damped Motion. The introduction of damping so complicates 
the picture that arguments analogous to the one just given for a 
system without damping become hopelessly involved. The con- 
sideration of the disturbed motion of damped systems will there- 
fore be limited to a study of the motion immediately after the 
disturbance. Taking it for granted that a damped motion must 
be either stable or unstable, the assumption will be made that 
stability or instability is indicated by the initial tendency of the 
motion to return toward its undisturbed state, or to depart further 
from that state. Empirical knowledge, as far as it extends, is 
found to justify this supposition. 

As an example, consider a soft damped system under harmonic 
excitation. 

Assume first, that the initial departure from steady motion is 
a sudden slight increase in the amplitude of the motion. As a 
result of this departure, the motion slows down and the force, 
the frequency of which is unchanged, advances relative to the 
motion. Initially, the force must have led the motion by a phase 
angle between 0 and z, since it did positive work to balance the 
damping losses. If ¢ were less than +/2, an increase in ¢ would 
increase the work done by the force, and would thus cause the 
motion to grow in amplitude; hence the system would be un- 
stable. If ¢ were more than x/2, an increase in ¢ would reduce 
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the work done by the force; the amplitude of the motion would 
thus fall back toward the steady value, and the system would be 
stable. 

Again, considering the same system, let the disturbance be a 
gradual rising of the frequency of the impressed force from some 
original steady value to a slightly higher one. The force then 
begins to advance relative to the motion. To reach a new steady 
state, the motion must also increase its frequency. It must there- 
fore reduce its amplitude. So the increase in ¢ must decrease 
the work input of the force. Hence, for stability, ¢ must origi- 
nally be between 7/2 and x. 

Finally, the fact that friction is the basic factor determining 
stability suggests yet another approach to the same problem. 
Assuming the system to have been oscillating steadily in the ab- 
sence of friction, consider what happens if damping is suddenly 
introduced. The amplitude of the motion will at once begin to 
fall. Hence the frequency will begin to rise, and the force to 
lag behind the motion. If the lagging force does positive work on 
the system, the amplitude decrease may be stopped and the loss 
repaired: the system will be stable. If a lag of the force pro- 


A A 


Fig, 28 


duces negative work, the system will be unstable. For stability, 
then, the initial phase angle must have been z, for instability 0. 
Hence the stable damped motion will be that with a force lead 
between 2/2 and 

In all these three views of the same case, the essential re- 
quirement for stability is seen to be that an advancing of the 
force relative to the motion shall cause the force to do such work 
on the system as will change the amplitude in the direction of in- 
creasing frequency. The basic significance of this requirement is 
further emphasized by the observation that the points L and M, 
which divide the stable and unstable motions in the simple re- 
sponse diagrams in Fig. 28, are points at which the variation of 
frequency with amplitude changes sign. In both the diagrams 
shown, stability goes with a force lead between 7/2 and 7, so long 
as the frequency rises with the amplitude along the response 
curve, while a force lead between 0 and 2/2 becomes stable when 
the frequency falls with increasing amplitude. The picture thus 
is consistently the same from all points of view. More general 
faith in the proposed stability criterion seems therefore justified; 
and the essence of the present paragraph may consequently be 
regarded as perfectly general. 
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11 ‘‘Kinetik pseudoharmonischer Reibungsschwingungen,”’ by 
R. Tiemann, Zeitschrift fiir angewandte Mathematik und Mechanik, 
vol. 9, 1929, pp. 110-130. Treats nonharmonic vibrations with solid 
friction. Analytical. Assumes E(x) = az + bx? + cr’. 

12 ‘‘Forced Vibrations With Nonlinear Spring Constants,” J. P. 
Den Hartog and S. J. Mikina, Trans. A.S.M.E., vol. 54, 1932, paper 
APM-54-15. Analytical treatment of the vibrations of systems with 
an initial elastic setup. 

13 ‘‘The Amplitudes of Non-Harmonic Vibrations,”’ by J. P. Den 
Hartog, Journal of The Franklin Institute, vol. 216, 1933, pp. 459-473. 
Proposes an improvement on Riidenberg’s method by assuming rz = 
A; cos wt + A; cos 3wt, instead of r = A coswt. 

14 ‘‘Mechanical Vibrations,’ by J. P. Den Hartog, McGraw-Hill 
Book Company, New York, N. Y., 1934. Gives a comprehensive 
treatment of nonharmonic vibrations. 

15 ‘‘Schwingungstechnik,” by E. Lehr, Julius Springer, Berlin, 
vol. 2, 1934. Comprehensive treatment of nonharmonic vibrations, 
with suggestions for taking into account damping. 

16 ‘‘Forced Vibration in Nonlinear Systems With Various Com- 
binations of Linear Springs,’ by J. P. Den Hartog and R. M. Heiles, 
JOURNAL oF APPLIED Mecuanics, Trans. A.S.M.E., vol. 58, 1936, p. 
A-127. Analytical treatment. Response curves are given for vari- 
ous concrete cases. 
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Discussion 


Modern Aids to Vibration Study’ 


Rupotr K. BrerNnuarp.? The apparatus described by the 
author, especially the amplifier unit, which simultaneously en- 
larges the output of the pickup set and transforms the speed 
(velocity) indication to the required amplitude (displacement) 
record, is a very ingenious method of approaching the problem 
of measuring vibrations. To supplement this paper, the writer 
would like to mention some other methods which have been used 
successfully in solving this problem. In developing one method, 
tests were made (1) to eliminate the use of a complicated ampli- 
fier unit, (2) to avoid the transformation of velocity to displace- 
ment, and (3) to record static and dynamic phenomena simul- 
taneously. 

Keeping in mind that usually static loads are always combined 
with dynamic loads (vibrations), a system has been developed 
which records amplitudes or stresses directly without amplifier 
and speed transformation from zero frequencies (static phe- 
nom.) up to 600 cycles per sec. 


Sender | —Fece/ver 


Primary Circuit | 
~—~—Secondary Circuit 
Oscillograph 
loop 
Fig. 1 Wiring DIAGRAM OF THE ELECTRICAL STRESS-VIBRATION 
RECORDING INSTRUMENT 


The fundamental principle is not based on the seismic applica- 
tion, i.e., measuring above the natural frequency of the pickup 
unit, but on the opposite principle of measuring well below the 
resonance point.**° The wiring diagram in Fig. 1 of this dis- 
cussion shows that the pickup instrument as well as the record- 
ing oscillograph have wattmeter characteristics. The permanent 
magnets in the sender and the receiver are replaced therefore by 
coils which are excited by the same alternating current. Fig. 2 
of this discussion shows the resonance curve of the receiver loop. 
The natural frequency of the sender is about the same as the 


1 By E. H. Hull. Published in the December, 1937, issue of the 
JOURNAL OF APPLIED Mecuanics, Trans. A.S.M.E., vol. 59, 1937, p. 
A-151. 

2? Head, Department of Mechanics and Materials of Construction, 
The Pennsylvania State College, State College, Pa. 

3 “Stresses in Railroad Track,” by S. Timoshenko and B. F. 
Langer, Trans. A.S.M.E., vol. 54, 1932, paper APM-54-26, p. 277. 

4‘**Mechanical Vibration of Bridges,’’ by H. Homann and R. K. 
Bernhard, published by the German State Railways, Berlin, Ger- 
many, 1933. 

5“‘The Measurement of Locomotive Wheel Loading,” by B. F. 
Langer and J. P. Shamberger, Proceedings of the Third International 
Congress for Applied Mechanics, 1930, vol. 3, part 3, p. 251. 


loop, and the frequency of the exciting current is six times as 
high as the resonance of the loop. By careful adjustment of 
these three frequencies and the damping capacity of the pickup 
units and oscillograph loops, no interference with the super- 
imposed alternating current has been noticed. Timoshenko and 
Langer® describe a similar application of this method which has 
been used in numerous tests with good results. The disadvan- 
tage of this system is the difficulty in measuring very high 
frequencies, limited by the resonance point, and hence by the 
sensitivity of the oscillograph loop. Loops with natural fre- 
quencies of about 1000 cycles per sec proved to be sensitive 
enough so that vibrations up to 600 cycles per sec (36,000 rpm) 
have been recorded with almost constant amplification which is 
shown in Fig. 2 of this discussion. 

Another method of investigating vibration problems is the appli- 
cation of induced vibration.*”7 A short description of the recent 
development of this method might be of interest. 

The predetermination of certain dynamic qualities is of 
special value. These include period of resonance, damping 
capacity, amplifying factor, endurance limit, and the effect of 
time, aging, or fatigue. The method has been used on any size 
or types of structures from small laboratory specimens to the 
complete hull of a large ship. 

Induced vibrations are excited by two equal masses which 
are eccentrically supported and which are rotated in opposite 
directions. This sets up alternating forces.§ In general a test 
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Fie. 2 AMPLITUDE-FREQUENCY DIAGRAM OF THE MEASURING 
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Fie. 3 Setup ror TESTING AN AIRPLANE WING IN BENDING 


®**The Vibration Problem in Propeller Designing,” by F. W. 
Caldwell, Society of Automotive Engineers Journal, vol. 41, August, 
1937, p. 372. 

7™“Dynamic Tests by Means of Induced Vibrations,” by R. K. 
Bernhard, American Society for Testing Materials, Proceedings of the 
40th Annual Meeting, vol. 37, part 2, Technical Papers; p. 634. 

8 As shown in Fig. 3 of the paper ‘‘Dynamic Properties of Struc- 
tures Determined by Models,”’ by R. K. Bernhard, Mechanical 
Engineering, vol. 59, October, 1937, p. 764. 
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is carried on in the following manner: The oscillator is fastened to 
the structure to be tested in such a way as to produce the type of 
vibration desired. Fig. 3 of this discussion shows the setup for 
testing an airplane wing in bending. The frequency of the 
oscillator is varied in steps, starting with low frequencies and 
continuing to well beyond the period of resonance (natural fre- 
quency). For each frequency the power input for the oscillator 
is measured by a wattmeter; these readings were plotted in a 
previously published paper.’ The highest point on the curve of 
frequency-versus-power input is the period of resonance. The 
frequency at this point is designated by no. Then, the following 
formulas will be close enongh for most practical purposes. 


Resonance period = [1] 
Damping angle = tan ¢ = (m2 — m)/me........... [2] 
Logarithmic decrement = 6 = rtang............[8] 
Dynamic amplifying factor F = +/5 = cot ¢....... [4] 


The analysis of results and their application in determining the 
strength of the structure is too complicated to be discussed here 
and will be mentioned but briefly.’ Knowing the amplifying 
factor and the physical properties of the oscillator, the force 
induced by operating at any frequency can be figured. When 
it is desired to run a fatigue test, the investigation can be con- 
tinued and the oscillator can run at any desired frequency for 
the required number of cycles. If the oscillator were run at the 
frequency near the period of resonance, the desired force could 
be induced by a smaller oscillator than would otherwise be re- 
quired, thus making for economy. The effect of time or the 
aging and fatigue effect is studied by measuring the resonance 
period from time to time during the test, and plotting the 
results.'° Complete structures which cannot be tested to failure 
can be inspected periodically in a similar manner. The resonance 
period is measured from time to time during the life of the 
structure. As long as the natural frequency is increasing, the 
structure is in the training (adjustment) period'® and is safe. 
As soon as the resonance frequency starts to decrease, the struc- 
ture is entering the retrogression period, and is approaching the 
failure point. 

It is also possible to discover by this method of testing the 
presence of anharmonic vibrations or nonquasi-stationary oscil- 
lations. Anharmonic vibrations are caused, if, with varying 
amplitudes, the dynamic qualities (i.e., the elastic capacity, the 
damping values, or the oscillating masses) are changing like- 
wise. Nonquasi-stationary waves are caused as soon as the 
different parts of any oscillating system do not vibrate in phase. 

The knowledge of the dynamic qualities of complete struc- 
tures, as well as single members, investigated by the methods 
described, will supplement the vibration studies and may help to 
predetermine the behavior of such members and structures under 
actual field conditions. 


AvutHor’s CLOSURE 


Devices similar to those described by Mr. Bernhardt for de- 
tecting relative motion of two adjacent points have been useful 
for some time.!"!2_ The strain-gage type of instrument is quite 
satisfactory for low-frequency vibration studies, but not for the 
investigation of small-displacement, high-frequency vibrations, 
such as noise in small motors involving frequencies up to 2000 


® Ibid., Fig. 3, p. 636. 

10 Tbid., Fig. 6, p. 638. 

11 “‘Vibrating Recorder,’ by A. V. Mershon, A.J.E.E. Journal, 
vol. 43, Sept., 1928, p. 820. 

12“Recent Applications of the Electric Micrometer,” by A. V. 
Mershon, General Electric Review, vol. 31, Oct., 1928, pp. 526-531. 
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cycles per sec. This work requires a velocity or acceleration- 
type pickup device with relatively low sensitivity to building 
vibration and increasing sensitivity with increasing frequency. 
No integrating device would be used in this case. The suggested 
complication of the necessary amplifier is not serious; most 
people point with pride to far more intricate radio sets used by 
the entire family in their homes. The amplifier shown in Fig. 8 
of the paper has required only the replacement of its two tubes 
during several years of service. 


Fatigue Failure From Stress Cycles 
of Varying Amplitude’ 


W. A. Brecut.? One application of this method is for the 
prediction of the useful life of railroad axles. The stresses in a 
railroad axle vary greatly with speed and track conditions, and 
it is impractical to make the axle so large that all of these stresses 
are below the fatigue limit of the material. It follows that no 
axles in railroad service have an infinite life. It might take 
many millions of miles to produce failure but, theoretically, failure 
must ultimately occur. With the increases in train speeds that 
have been made in the last few years, the life prediction of a 
given axle design in a given service has become increasingly im- 
portant. ‘ 

The writer has had occasion to make calculations on certain 
railroad axles which had failed in service. All these failures 
were cracks in various stages of growth, and none had progressed 
to fracture. Luckily, the long period usually required for crack 
propagation permits detection of the cracks if an adequate in- 
spection is maintained. These cracks all appeared from 1/, in. 
to 3/, in. inside the wheel seat, where the axle is weakened by the 
heavy wheel fit. 

The writer applied to these axles the method of predicting the 
appearance of cracks presented in Mr. Lapyer’s paper. The 
relationship between the number of stress cycles of various 
magnitudes per mile of operation of the vehicle was determined 
experimentally by actually obtaining stress measurements on an 
axle in regular service, using magnetic stress gages and an oscillo- 
gtaph. The S-N curve of the axle material was made experi- 
mentally on small specimens and that of the full-size axles 
arbitrarily assumed. 

The results obtained are shown in the tabulation: 


Axles found Thousands of miles to crack— 


cracked, approx no. Calculated Actual 
9 to 13 6.2 to 85 
By 45 to 70 31 to 90 
34 to 57 49 to 60 


The range in calculated miles was obtained by using two dif- 
ferent S-N curves for the axles, since the true curve was not 
known. The actual mileages are those at which cracks were 
discovered, and not necessarily mileages at which they first 
appeared. In any case, both the calculations and the service 
observations show that the axles were inadequate for the service. 
They have been or are being replaced by axles in which cracks are 
calculated to appear at not less than a million miles. 

This constitutes a rather rough check of a theory which should 
be investigated carefully in the laboratories. The Timken 
Roller Bearing Co. is contributing by obtaining S-N curves of 
full-size axles. 


1 By B. F. Langer. Published in the December, 1937, issue of the 
JOURNAL OF AppLiepD Mecuawnics, Trans. A.S.M.E., vol. 59, 1937, 
p. A-160. 

2? Railway Engineering Department, Westinghouse Electric & 
Manufacturing Co., East Pittsburgh, Pa. 
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’ The writer did not use Mr. Langer’s method in calculating 
mileages at which fracture would occur, but used the data on 
the detection of fatigue cracks given in the University of Illinois 
Bulletin No. 165 to predict failure based on calculations of mileage 
at the first appearance of the crack. 


J. B. Kommers.* Mr. Langer is to be congratulated on his 
attempt to throw new light on the problem of fatigue failure. 

In connection with the effect of overstressing, the writer would 
like to call attention to his paper published in Engineering, 
London, in the issues of May 28, and June 11, 1937. It is there 
shown that for small specimens of steel with a minimum diameter 
of from 0.300 to 0.330 in., there is no evidence of a crack having 
been formed even for large cycle ratios. ‘Cycle ratio’? means 
the ratio of the number of cycles applied at a given overstress 
to the number of cycles necessary to cause failure at that over- 
stress. Even when the cycle ratios were over 90 per cent there 
was no evidence that a crack had been formed. Evidently then, 
for small specimens, a crack is formed only a short time before 
failure. The tests of De Forest, Peterson, and Moore show that 
this is not true for large specimens. 

Since these results were published the writer has made some 
tests on a cast iron the ultimate tensile strength of which was 
about 33,600 lb per sq in. With standard smooth specimens, for 
overstresses of ‘10, 20, and 30 per cent the endurance limit was 
reduced for all cycle ratios between 10 and 90 per cent. How- 
ever, for specimens having an imposed sharp square notch, the 
endurance limit was not reduced for overstresses of 10, 20, and 
30 per cent at cycle ratios up to 92 per cent. The only curve 
showing any reduction of endurance limit was at 20 per cent 
overstress at a cycle ratio of 93.5 per cent, and the reduction then 
was only 1 per cent. 

In 1930 the writer published a paper in the proceedings of the 
American Society for Testing Materials on the effect of under- 
stressing. For a cast iron which had an ultimate tensile strength 
of 20,000 lb per sq in., the results showed that understressing 
up to 15 million cycles increased the endurance limit, but there 
was no further increase with a greater number of cycles. It 
was found that the best effect in increasing endurance limit was 
obtained for a stress at or just below the virgin endurance limit. 

The virgin endurance limit for this cast iron was 9300 lb per 
sq in. It was found that at 20 million cycles of understress the 
amount of strengthening obtained was decreased as the stress 
used for understressing was decreased below the virgin endurance 
limit. The strengthening was 31 per cent at 9300 lb per sq in. 
and 16 per cent at 8000 lb per sq in. From 8000 to 6500 Ib per 
sq in. the strengthening was constant at 16 per cent. 

The writer hopes that these data will be of interest. 


A. Tuum‘ anp W. Bautz.5 (Translated by B. F. Lancer.) 
The same problem which the author considers in his paper has 
been studied by the writers and treated in a paper* which ap- 
peared at about the same time. It will, therefore, be interesting 
to see the writers’ method of calculating the problem of loading 
which varies with time. 

In a machine part the life of which is not unlimited and in 
which weight and material must be used sparingly, the length of 
life determines a definite size. Next it is necessary to know or 
somehow be able to estimate the approximate frequency of the 
applied loads by means of recorded measurements on an identical 
or similar machine in operation. The frequencies of the various 


3 College of Engineering, University of Wisconsin, Madison, Wis. 

4 Technische Hochschule, Darmstadt, Germany. 

5 Frankfurt-am-Main, Germany. 

6 ‘“‘Zeitfestigkeit,” by A. Thum and W. Bautz, Zeitschrift des 
Vereines deutscher Ingenieure, vol. 81, 1937, p. 1407. 
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high stresses will, for this purpose, be shown as a summation- 
frequency curve. See Fig. 1. It would, however, be incorrect 
to compare this frequency curve of Fig. 1 with the experimentally 
obtained fatigue curve of the particular machine part. (It is 
well known that the fatigue curve shows the relationship between 
the number of loading cycles necessary to produce failure and 
the magnitude of the applied stresses.) Overloads in a number 
which do not produce failure may according to their magnitudes 
produce more or less large permanent damage to the material, 
and in particular can decrease its endurance limit. Various high 
stresses must, therefore, be rated with a view to the number of 
times they are applied in order to get a comparative idea of the 


‘damage each will do. Such ratings can be expressed as factors 


depending on the magnitude of the corresponding stress, by which 
the number of load applications N,, Nz, and so on, should be 
multiplied. Tabulation of these factors is, however, possible 
only after the completion of fundamental investigations of the 
damage resulting from brief overloading, which, at the present 
time, are only in the early stages. 

The relationships can be shown in this example: Let o. = 
to,, where  S 1 and for the purpose of the experiment, let it be 
established that N cycles of the stress o, have the same effect 
as wN cycles of the lower stress, 72. Then the summation curve 
is to be drawn so that wN; + N¢ cycles of o2 shall be substituted 


for N, + Ne. Generally speaking, there must be created, for 
kg/mm? 
20 
| 
| 
w” 
| | 
0 Qe 06 Fill 10 
lastwechselzahl 
Fig. 1 Sum-or-FrREQUENCIES CURVE BasEep ON A LIFE OF ONE 


Mituion Loap Cyrcies 


(The test piece was loaded 0.9 million times with at least 30 kg per sq mm, 

then 0.2 million times between 30 and 35 kg per sq mm, 0.5 million times 

between 35 and 40 kg per sq mm, and 0.2 million times between 40 and 45 

kg persq mm. For longer lengths of life the number of applications in each 

load range increase proportionately. Beanspruchung = stress; Lastwechsel- 
zahl = number of load cycles.) 


the purpose of experiment, a function depending on material 
and shape w = f(t) wherein — = o,/oo and w = N,/No. This 
now unknown relationship is shown schematically in Fig. 2. 
From the curve of Fig. 2 and the frequency of load application 
determined by the manner in which the machine part is used, 
the “corrected frequency-summation curve” of Fig. 3, is de- 
veloped. While the fatigue curve shows the instant of the 
complete destruction of the part for different high loads, the 
damage line shows the corresponding values of loads and cycles 
which do not produce permanent damage to the material of 
the part and do not decrease its endurance limit. The form of 
both curves depends not only on the material, but will also be 
strongly influenced by the shape, the metallurgical pretreatment, 
the quality of the surface, and the like. 

Conditions which severely distort the lines of force, as for 
example, the stress condition at a notch or point of load ap- 
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Fig. 2. Schematic DiaGraM oF Function w = f(£), DEPENDENT 
ON MATERIAL AND SHAPE FOR EVALUATION OF OVERLOADS 
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Fic. 3 ScHEMATIC REPRESENTATION OF THE CORRECTED SUM-OF- 
FREQUENCIES CuRVE, b, OBTAINED FROM THE SuM-OF-FREQUENCIES 
Curve, a, tHe or THE FuncTIon w = f(é), Fie. 2 


(With an assumed life of one million load cycles, 0.8 million loads above 33 
kg per sq mm have the same effect on the material as 1.6 million loads at 33 
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plication, increase the ratio of ‘‘time strength” to fatigue strength. 
Fig. 4 shows this in a bar with a transverse hole which was sub- 
jected to alternating bending loads. The stress concentration is 
greater, the smaller the ratio between the size of the hole and the 
diameter of the test piece. Interesting relations were also found 
for notched bars where fatigue strength had been materially in- 
creased by artificially produced useful internal stresses.’ Simi- 


7 Steigerung der Dauerhaltbarkeit gekerbter Konstruktionsteile 
durch Eigenspannungen,” by A. Thum and W. Bautz, Zeitschrift des 
Vereines deutscher Ingenieure, vol. 78, 1934, p. 921. Also: Mitteil- 
ungen der Materialpriifungsanstalt an der Technischen Hochschule 
Darmstadt, vol. 8, V.D.I. Verlag, Berlin, 1936. 
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Fic. 4 Errect or a PoLYDIMENSIONAL AND NONUNIFORM STRESS 
DisTRIBUTION IN A LATERALLY BorED SHAFT ON THE RELATIONSHIP 
BETWEEN TIME STRENGTH AND ENDURANCE STRENGTH WiTH Ro- 
TATIONAL BENDING 

(Material: Steel St 80.11 with 0.480 per cent C, 1.27 per cent Mn, 0.260 Bs 
cént Si, 0.022 per cent S, 0.047 per cent P. Tensile strength op = 84.8kg 

mm}, yield point é: = 53.0 kg / mm?, endurance strength op = 38 kg/mm’. 
elongation d0 = rt cent, reduction of area y = 45 per cent. D = 90. 


kg per sq mm.) mm; a:d/ 0.111; b:4/D = 0.167; C:d/D = 0.333.) 
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larly, even less investigated relationships exist for the damage 
line. This line can, depending on circumstances, lie near the 
fatigue curve (with hardened test pieces) or slightly exceed it. 

Effect of Shape. In order to design a machine part, the previ- 
ously described ‘‘corrected sum-of-frequencies” curve must be 
compared to the experimentally determined fatigue-strength 
curve and damage line for the particular material in the actual or 
asimilar shape. In this connection, two basically different types 
of loading must be distinguished. 

In the first case, the peak loads greatly exceed the alternating 
basic lead, as shown in Fig. 5. The basic load is then far below 
the endurance strength of the particular part if the peak load is 
assumed as static. See Fig. 6. The piece should be designed to 
safely withstand the static loads, while the damage produced by 
these loads, which would reduce the endurance strength, need not 
be considered because the original endurance strength is not 
nearly used up. One must in this case compare the corrected 
sum-of-frequencies curve only with the fatigue curve, which may 
be reached but not exceeded. In this case, it is possible to ap- 
proach complete use of the time strength because the endurance 
strength is not used up. 

In the second case the peak loads do not greatly exceed the 
alternating basic load but the basic load approaches close to the 
endurance strength, as in Fig. 7. In this case the peak load 
should not exceed the damage line of Fig. 8 because otherwise the 
alternating basic load would, because of decreased endurance 
strength, cause a fatigue failure. In contrast with the first case, 
where the danger of a time failure existed, one must have in 
mind here the avoidance of a fatigue failure. The corrected 
sum-of-frequencies curve must lie below the damage line; the 
time-strength region between the damage line and the fatigue 
eurve remains unused. Here the time strength can be only 
partially utilized due to the almost complete utilization of the 
endurance strength. 

In general, the designer has to compare the sum-of-frequencies 
curve with the damage line as well as with the fatigue curve, and 
thereby determine whether the evaluation of the particular part 
could be made in accordance with the first or with the second 
case. 


AvutTHOR’s CLOSURE 


The author wishes to thank the discussers for the interesting 
data which they have presented. Mr. Brecht’s comparisons of 
his calculations with recorded data indicate that the method 
proposed can give at least an approximate idea of the life to be 
expected from a given machine part even if laboratory tests 
should indicate that some modifications must be made. 

One important point mentioned by Professor Kommers, Pro- 
fessor Thum, and Dr. Bautz, but not originally considered by 
the author is the effect of stress concentration. Apparently 
any factor which tends to localize the region of maximum stress, 
whether it be reduction in the size of the test piece or stress con- 
centration in a large test piece, reduces the damaging effect of 
overstress. This means that fatigue data on straight specimens 
cannot be used in the author’s formula for predicting the life of 
machine parts which have stress concentration. It would be 
valuable to know whether it is the volume of the overstressed 
region or the factor of stress concentration itself which determines 
the shape of the upper branch of the fatigue curve. 


Agreement between the author’s method and that proposed 


by Professor Thum and Dr. Bautz depends on what method they 
use for determining the function w = f(£). If they define damage 
as the per cent of life used up, then there is essential agreement 
between the methods. In studying this particular phase of the 
fatigue problem, it is not satisfactory to think of damage in terms 
of reduction in the endurance limit. Material which has been 


JOURNAL OF APPLIED MECHANICS 


DECEMBER, 1938 


overstressed a small number of cycles has not had its endurance 
limit reduced, but has been damaged nevertheless because its 
potential usefulness has been reduced. 


Creep of Metals at High Temperature 
in Bending’ 


A. E. Jounson.? Some years ago the writer and one of his 
colleagues conducted at the National Physical Laboratory of 
England work similar to that described by the author, but used 
a beam of commercially pure lead which they tested at approxi- 
mately air temperature. Apparatus‘ was constructed by which 
the lead was subjected to a uniform bending moment in a cham- 
ber maintained at constant temperature. 

The creep of the beam was measured by noting the lateral 
movement of fine scratches on stainless-steel pegs 8 in. apart, 
and at intervals of !/, in. down both faces. Tensile creep tests 
on the material of the beam were also made under similar condi- 
tions to provide stress-strain data for the computation of the 
stresses in the beam. 

The following theoretical analysis was made of stress redistri- 
bution in the beam. This, it will be seen, is essentially similar to 
the author’s, except that the initial assumption was made that 
the stress is proportional to the (creep rate)", instead of the 
author’s more general assumption that the stress is proportional 
to the (strain)” (creep rate)”. 

Mathematical analysis showing that the redistributed system 
of stresses in a beam creeping under uniform bending moment 
remains unchanged if plane sections remain plane, and that the 
distribution may be determined from a knowledge of the initial 
“elastic’”’ stress distribution in the beam. 
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‘Initial Elastic 
Distribution of Stress 


“Stress Distribution Under 
creep Conditions 


Fig. 1 ReEpDISTRIBUTION OF STRESS IN A BEAM WHEN CREEP OccuRS 


Let OB in Fig. 1 of this discussion represent the initial “elastic’’- 
stress distribution in a beam subjected to a uniform bending mo- 
ment M, and let OC represent a distribution curve of stress in the 
beam when creep is in progress. Also, let S, = initial elastic 
stress in the outer fiber, S; = redistributed stress in this fiber, 
D, = distance of this fiber from.the neutral axis, S, = initial 
elastic stress in a fiber of thickness 5D, S = redistributed stress 
in this fiber, and D = distance of this fiber from the neutral axis. 
In the elastic state, S, = KD,, and S, = KD, where K is a 
constant. 

When creep takes place we have the relation S = AR", where 
R is the creep rate, and A and n are constants. Reference to 
Fig. 2 of this discussion will show that this relation holds fairly 
closely for the material under experiment for the range of stress 


1 By E. A. Davis. Published in the March, 1938, issue of the 
JouRNAL OF APPLIED MeEcuanics, Trans. A.S.M.E., vol. 60, 1938, 
p. A-29. 

2 Scientific Officer, Engineering Department, National Physical 
Laboratory, Teddington, England. 

3**An Invesitgation of the Nature of Creep Under Stresses Pro- 
duced by Pure Flexure,”’ by H. J. Tapsell and A. E. Johnson, Journal 
of the Institute of Metals, vol. 57, no. 2, 1935, pp. 121-140. 

4 Ibid., Fig. 1, p. 124. 
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under consideration® and over the test period, n having a con- 
stant value of about 0.173. 

Now, since plane sections remain plane, R is proportional to 
D, and the relations S = bD”", and S; = 6D," will hold for mate- 
rials having the same creep characteristics as the lead beam. 

Further, the bending moments under elastic and creep con- 
ditions must each be equal to the applied bending moment, i.e., the 


3.0 

205 xAt days 


409 Stress, Ib per $s. 


7 2 3 ca 5 6 
log rate of Strain, in. per in. 


Fie. 2. Curves or Loa Srress Vs. Loa Rate oF STRAIN FOR 
MATERIAL AS RECEIVED 


moment of area OAC = moment of area OAB about the neutral 
axis; that is 


Di 
S,D, 2D 
SsDD = —— —.............. [1] 
0 2 3 
that is 
Dy 
S,D;? 
0 3 
Thus 
b S,D2 
n+2 
But, S:/b = D,"; therefore 
S,D,? 
n+2 3 
or 
n+2 


Thus, S/S, varies only as n may vary with time, and, as shown 
in Fig. 2 of this discussion, this variation, if any, is negligible. 
Therefore, S; is a constant function of S, and the stress dis- 
tribution remains unchanged with time. 


‘ Over the greater part of the beam section the stress ranges from 
about 300 to 700 lb per sq in. 


DISCUSSION 
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Taking an experimentally determined value of 0.173 for n, 
this analysis gave stress distributions corresponding to within 1 
per cent of the applied bending moments. Thus, it would ap- 
pear that for lead the simple strain-rate law is approximately 
true. 

In the actual experimental work it was shown definitely that 
plane sections cf the beam continued to remain plane under 
creep conditions, and that the redistribution of stress is complete 
in a very short period, the fibers then proceeding to creep under 
their constant redistributed stress. 

The fiber stresses computed from the beam strain measure- 
ments and the supplementary tensile tests gave computed bend- 
ing moments corresponding to within 18 per cent of an applied 
bending moment of 13,340 in-lb, and within 4 per cent of an 
applied bending moment of 17,152 in-lb. The former dis- 
crepancy was almost certainly due to the lack of similarity be- 
tween the beam and tensile specimens due to machining, and can 
be corrected for by simply altering the value of the constant A 
in the characteristic equation: Stress = A(creep rate)”. 


AvuTHOR’s CLOSURE 


To assume, as Mr. Johnson does, that the stress is a power func- 
tion of the creep rate is equivalent to setting the exponent m in 
the expression ¢ = Ke™u" equal to zero. By equating m to zero 
Equation [5] of the discussion and Equation [16] of the original 
paper become identical. Whether or not this is a permissible 
assumption will depend upon the material and the temperature 
at which it is used. If m be disregarded in Equation [14] it is 
apparent that the strain-time curves should be straight lines. 
It seems evident, then, that for materials which show a straight- 
line creep curve the expression ¢ = Ku" may be used. In the 
tests reported in this paper the strain-time curves did not be- 
come straight within the duration of the test. It was thought, 
therefore, that the effect of strain hardening could not be neg- 
lected and that an expression for the strain, «, should appear in 
the creep law. This was the reason for using the more general 
expression ¢ = Ke™u”" which contains Mr. Johnson’s method as a 
special case. 

Mr. Johnson mentions the time required for the redistribution 
of stress from the initial elastic condition ¢, = o; (z/z;) to the creep 
condition o, = o; (z/z,)"*". In this respect it must be remem- 
bered that in a bar in bending the time required for this redistri- 
bution will depend to a large extent upon the relative size of the 
plastic and the elastic strains. For small stresses, where the plas- 
tic strains may be small as compared to the elastic strains, the 
time required for complete redistribution will be greater than in 
cases where the plastic strains soon become of the same order as 
the elastic strains. A mathematical determination of this re- 
distribution time has not been attempted, for such work would re- 
quire a knowledge of how the plastic strain-rate depends upon 
stress under conditions of decreasing as well as increasing stresses, 
and at the present time the behavior of material under changing 
conditions of stress is not fully understood. 
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Book Reviews 


Elastic Stability 


Die FEsTIGKEIT VON DRUCKSTABEN AUS STAHL. By Dr. Karl Jezek. 
Julius Springer, Wien, 1937. 61/4 X 9/2 in., viii and 252 pp., 
120 figs. and 15 tables, 27 rm. 


REVIEWED BY S. TIMOSHENKO! 


HIS BOOK deals with the determination of ultimate loads 

for prismatical steel columns in which the plastic properties 
of the material are taken into consideration. The investigations 
of Th. von Kérmén, H. M. Westergaard and W. R. Osgood, and 
E. Chwalla have shown that the determination of the critical 
load becomes very complicated if the actual tensile-test diagram 
of the material is taken as the basis of calculations. K. Jezek 
shows that the work can be considerably simplified by assuming 
that the material follows Hooke’s law up to the yield point, and 
after this yields at constant stress. He assumes also that the 
deflection curve is a half sine wave. On the basis of these as- 
sumptions comparatively simple formulas are developed for de- 
termining the ultimate load on a column. 

In the first chapter of the book the cases of central and eccen- 
tric compression of a column of rectangular cross section are dis- 
cussed and the methods of determining the ultimate load by using 
the tensile-test diagram are explained. These exact solutions are 
used later for establishing the accuracy of the recommended ap- 
proximate method. 

In chapters 2 and 3 the approximate formulas are developed on 
the basis of the previously mentioned assumption for a rectangu- 
lar section and for various profile sections. 

In the fourth chapter, experiments made at Ziirich and at Ber- 
. lin-Dahlem are discussed and it is shown that the experimentally 
determined values of critical loads are in satisfactory agreement 
with the results obtained by using the proposed approximate 
formulas. 

In the last chapter, the German and Austrian specifications are 
discussed and it is shown that they always secure an adequate 
factor of safety. 

This book contains many diagrams and numerical tables which 
can be used for the calculation of ultimate loads beyond the elas- 
tic limit. It contains also a new theoretical investigation which 
may be of interest to engineers who are working with stability 
problems. 


Zur KONVERGENZ DES ENGESSER-VIANELLO-VERFAHRENS. By A. 
Schleusner. B. G. Teubner, Leipzig and Berlin, 1938. Card- 
board, 61/2 X 91/,in., 45 pp., 12 figs., 2.25 rm. 


| DISCUSSING complicated problems of elastic stability of 

compressed bars, a method of successive approximations origi- 
nated by F. Engesser is sometimes used. A certain shape is as- 
sumed for the deflection curve of the buckled bar. This curve 
gives the bending-moment diagram from which a new deflection 
curve can be calculated and from the comparison of the calcu- 
lated and the assumed curves an approximate value of the criti- 
cal load can be found. Taking the calculated curve as a basis for 
determining moments, a further approximation can be obtained, 
and so on. The author, in his paper, discusses the important 
question of the convergence of this method of successive approxi- 
mations and the conditions which the initially assumed curve 


1 Professor of Theoretical and Applied Mechanics, Stanford Uni- 
versity. Mem. A.S.M.E. 


must satisfy. The paper is of a theoretical character and should 
be of interest to engineers who deal with stability problems. 


STRENGE THEORIE DER KNICKUNG UND BigGuna. By Dr. A. 
Schleusner. (First part.) B. G. Teubner, Leipzig and Berlin, 
1937. Cardboard, 6!/2 X 9!/4in., 144 pp., 26 figs., 4.50 rm. 


‘THs BOOK deals with problems of large deflections of per- 

fectly elastic thin bars. In such cases the usual simplified 
differential equation of the deflection curve cannot be applied 
and recourse must be made to the exact equation, the solution of 
which requires the use of elliptic functions. 

The first chapter of the book deals with centrally compressed 
prismatical bars and gives formulas for calculating large deflec- 
tions. In the second chapter the problem of bending of a bar by 
two equal and opposite forces applied at the énds with equal 
eccentricities is considered. Various forms of the deflection 
curve are discussed and illustrated by numerical examples. In 
the third chapter, combined central compression and bending by 
a lateral force applied at the middle are considered and formulas 
for calculating large deflections are given. 

In the last two chapters the method of successive approxima- 
tions by Trefftz and the graphical method proposed by H. Reiss- 
ner are discussed. There is a careful explanation of the condi- 
tions under which the method of successive approximations can 
give reliable results. 

The book is of a theoretical nature and may be of interest to 
engineers especially interested in the theory of elastic stability. 


Physics 


Low TEMPERATURE Puysics. By M. and B. Ruhemann of the 
Physico-Technical Institute, Kharkov. Cambridge University 
Press Department, The Macmillan Company, New York, 1937. 
Cloth 51/2 X 83/qin., ix and 313 pp., figs., $5. 


REVIEWED By Francis 


THs IS an excellent up-to-date review of the whole field of 
low temperatures, in which the engineering and practical 
aspects of the subject are given considerable space. 

The first part of the book covers the production and meas- 
urement of low temperatures, and includes a chapter on in- 
dustrial air liquefaction, one on rectification, and one on solid- 
liquid equilibrium diagrams at low temperatures. The second 
part of the book, entitled ‘The Solid State,” is concerned chiefly 
with low-temperature calorimetry and the interpretation of the 
data obtained. Considerable space is given to a discussion of 
anomalous specific heats and to the subject of molecular rota- 
tion in solids. There is also a very apt discussion of Nernst’s 
third law of thermodynamics and its usefulness in calculating 
chemical equilibria with the help of specific-heat measurements 
at low temperatures. 

In the last part of the book, containing sections entitled “Orbit 
and Spin” and “The ‘Free’ Electron,” the difficult task of describ- 
ing electric and magnetic properties at low temperatures is under- 
taken. A few formulas are given, but here, as elsewhere in the 
book, the tendency is to describe experimental results by means 
of words and graphs, and then to indicate briefly their theoretical 
and practical significance. There is also a brief section on cooling 
by adiabatic demagnetization, a process which has been used to 
obtain temperatures down to a few thousandths of a degree ab- 
solute. 

The language is occasionally clumsy and unidiomatic, but this 
is a minor flaw in an otherwise very clear and understandable ex- 
pository style. 


2 Associate Professor, Department of Metallurgy, Massachusetts 
Institute of Technology, Cambridge, Mass. 
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Foreword 


HE Transactions of The American Society of Mechanical Engineers includ: 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1938, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Others, to be issued 
sometime later in the year, will contain the memorial notices of deceased members. 
The indexes to miscellaneous publications, Mechanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1939, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1938 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 
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HARVEY N. DAVIS 


PRESIDENT OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 
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Harvey N. Davis 


ARVEY NATHANIEL DAVIS, president of The American Society of Mechani- 

cal Engineers for the year 1937-1938, was born at Providence, R.I., in 1881. 

He was graduated from Brown University with an A.B. degree in 1901 and, through 

postgraduate work, received his A.M. degree from Brown in 1902 and A.M. and Ph.D. 
degrees from Harvard University in 1903 and 1906, respectively. 

After spending the year 1901-1902 as instructor in mathematics at Brown, Doctor 
Davis enrolled at Harvard as a student and later was made instructor in physics. He 
was appointed assistant professor of physics at the latter institution in 1910 and, nine 
years later, was made professor of mechanical engineering. He held this chair until 
1928, when he was elected president of Stevens Institute of Technology, Hoboken, 
N.J., the third to hold that office. 

Doctor Davis was elected a member of the Society in 1920 and a Fellow in 1936. 
He was appointed a manager in 1929 to fill the unexpired term of L. B. McMillan, and 
was elected vice-president the following year. During the year 1936-1937 he was 
chairman of the Meetings and Program Committee and its representative on the 
Council and on the Advisory Board on Technology, and also served as a representative 
of the Society on the U.S. National Committee of the International Electrotechnical 
Commission. 

Doctor Davis has served as consulting engineer for the Franklin Railway Supply and 
Air Reduction companies. In 1917-1918, he was in charge of the computation room 
at the Lynn, Mass., turbine plant of the General Electric Company. 

During the World War, Doctor Davis was active in the helium investigations that 
were conducted by the Army, the Navy, and the U.S. Bureau of Mines, first as a 
member of a committee of scientists appointed to study and report on a new method of 
obtaining helium from natural gas and, later, as aeronautical engineer in the division 
of science and research in the U.S. Air Service. His research work has been chiefly 
in thermodynamics, with particular reference to steam tables. He has a number of 
inventions to his credit, including an improvement in steam turbines and five processes, 
with apparatus, for liquefaction and rectification of air. In the steam field, he was 
one of the group that organized the first conference at Cambridge, out of which the 
present A.S.M.E. steam research program has grown. 

He is a member of Sigma Xi, Phi Beta Kappa, Tau Beta Pi, and Delta Phi; a 
fellow of the American Association for the Advancement of Science, American 
Physical Society, and American Academy of Arts and Sciences; a life member of 
the American Mathematical Society; and a member of The Franklin Institute, The 
Newcomen Society, the Society for the Promotion of Engineering Education, the 
Washington, D.C., Academy of Sciences, and the American Philosophical Society. 
He is a member of council of the American Association for Adult Education, of which 
he was vice-president in 1933-1934. He is also chairman of the Advisory Board on 
Smoke Abatement of the Department of Smoke Regulation of Hudson County, 
New Jersey. 
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In addition to the well-known “Tables and Diagrams of the Thermal Properties of 
Saturated and Superheated Steam,” which he wrote in collaboration with L. S. Marks, 
Doctor Davis is the joint author, with H. N. Black, of ‘Practical Physics’ and ‘“New 
Practical Physics.’’ He has also written several technical papers. 

In 1928, Doctor Davis received the honorary degrees of LL.D. from Rutgers Uni- 
versity and Sc.D. from his alma mater, Brown University. New York University 
conferred the honorary degree of Doctor of Engineering upon him in 1936. 
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WaRNER SEELY (1940) A. R. STEVENSON, JR. (1942) 


Advisory Members (1938) 
E. 8S. AuLT 
C. J. FrEuND 


H. C. Harper 
M. B. RicHarRDSON 
L. N. Row ey, Jr. 


LIBRARY 


R. Mumrorp, Chairman and Representative on the Council (1940) 
H. WINTERROWD (1938) JoHN Buizarp (1941) 


The Secretary, C. E. Davigs, Ex-Officio 
RESEARCH 


N. E. Funk, Chairman and Representative on the Council (1939) 
H. A. Jonnson (1938) E. G. BatLey (1941) 
L. W. (1940) J. E. Gueason (1942) 


(Personnel of Special Committees, p. RI-22) 


A. 
W. 


STANDARDIZATION 


WALTER SAMANS, Chairman and Representative on the Council (1938) 
O. A. LEUTWILER (1939) A. L. BAKER (1941) 
W. C. MvELLER (1940) J. E. Lovey (1942) 


(Personnel of Special Committees, p. RI-24) 


POWER TEST CODES 
Francis HopGKInson, Chairman and Representative on the Council 
(1939) 
A. G. Curistin, Vice-Chairman 
JOHN ALLHUSEN, Junior Observer (1938) 
Term expires 1939 


C. H. Berry 
D. S. JacoBus 


Term expires 1938 


Hans DAHLSTRAND 
Louis 


G. A. Horne FRANCIS HODGKINSON 
H. B. Reynoups L. F. Moopy 

E. N. Trump E. B. Ricketts 

Term expires 1940 Term expires 1941 

A. T. Brown A. G. CHRISTIE 

P. H. HarpI£ DiseRENS 

C. F. HirsHFELD G. A. OrroK 

R. J. S. Preorr L. A. QUAYLE 

M. C. SruartT W. M. Wuitr 


Term expires 1942 
W. A. CarTER E 
Harte Cooke 
W. J. WoHLENBERG 


(Personnel of Technical Committees, p. RI-33) 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


SAFETY 
J. B. Coaumers, Chairman and Representative on the Council (1939) 
H. L. Miner (1938) T. F. Hatcs (1941) 
D. L. Royer (1940) A. W. Luce (1942) 


(Personnel of Special Committees, p. RI-31) 


PROFESSIONAL CONDUCT 


E. F. Scorr, Chairman and Representative on the Council (1938) 
Diemer (1939) E. H. Tenney (1941) 
B. F. Woop (1940) W. H. Kenerson (1942) 


Special Technical Committee 


BOILER CODE 
. 8S. Jacosus, Chairman 


C. E. Gorton 


E. R. Fisu, Vice-Chairman A. M. GREENE, JR. 
C. W. Osert, Honorary Secretary W. G. Humpron 
M. Jurist, Acting Secretary J. O. Leecu 

C. A. ADAMS I. E. Moutrrop 
H. E. Aupricu C. O. Myers 

H. C. BoarDMAN H. B. Oariey 


W. H. Borum JAMES PARTINGTON 

R. E. Ceci. WALTER SAMANS 

F. S. CLarkK S. K. VARNES 

A. J. Exy A. C. WEIGEL 

V. M. Frost H. LeRoy Wuirney 
Honorary Members 

F. W. DEAN C. L. Huston 


W. F. DuraNnpD 
T. E. DurBANn 


W. F. 
M. F. Moore 
H. H. VauGHAN 


(Personnel of Boiler Code Committees, p. RI-35) 


Special Administrative Committee 


REGULAR NOMINATING COMMITTEE FOR 1938 


GROUP 


T. H. Bearp, Bridgeport, Conn. 
W. L. Epgt, Storrs, Conn., Alternate 
II F. M. Gipson, Brooklyn, N.Y., Chairman 
THEODORE BAUMEISTER, JR., New York, N.Y., Alternate 
L. WuirremMoreE, Washington, D.C. 
G. E. Croroot, Philadelphia, Pa., Alternate 
IV F. L. Witkinson, Knoxville, Tenn., Secretary 
R. M. Roruees, Raleigh, N.C., Alternate 
V H.C. Anpgerson, Ann Arbor, Mich. 
JAMES BurRKEe, Erie, Pa., /st Alternate 
F. C. Hockema, West Lafayette, Ind., 2nd Alternate 


lit 8. 


VI R.M. Boytes, St. Louis, Mo. 
E. H. Sacer, St. Louis, Mo., Alternate 
VII . L. Suttrvan, Santa Clara, Calif. 


H. J. Smrru, San Francisco, Calif., 1st Alternate 
H. B. Lanaitue, Berkeley, Calif., 2nd Alternate 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


GROUP I 
Boston Norwicu 
BRIDGEPORT PROVIDENCE 
GREEN MownTAIN WATERBURY 
HARTFORD WESTERN MassACHUSETTS 
New Britain WoRCESTER 
New Haven 
GROUP II 


MerropouitTan (N.Y.) AND ForREIGN MEMBERS 


GROUP III 

ANTHRACITE-LEHIGH VALLEY ROCHESTER 
BALTIMORE SCHENECTADY 
CENTRAL PENNSYLVANIA SuSQUEHANNA 
ITHACA SyRACUSE 
PHILADELPHIA Wasuinaton, D.C 
PLAINFIELD 
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GROUP IV 
ATLANTA 

BIRMINGHAM 

CHARLOTTE 

CHATTANOOGA 

FLORIDA 

GREENVILLE 

KNOXVILLE 


MempuHIs 
NEw ORLEANS 
Nortu Texas 
RALEIGH 
SAVANNAH 
Texas 
VIRGINIA 

GROUP V 

AKRON-CANTON 

BUFFALO 

CENTRAL INDIANA 

CINCINNATI 

CLEVELAND 

CoLumMBus 

DaYTON 

Detroit 


ERIE 
LOUISVILLE 
ONTARIO 
PENINSULA 
PITTSBURGH 
TOLEDO 
WEsT VIRGINIA 
YOUNGSTOWN 

GROUP VI 

CHICAGO 

Kansas City 

Mip-ContTINENT 

MILWAUKEE 

MINNESOTA 

NEBRASKA 


PEORIA 

Rock River VALLEY 
Str. JoserH VALLEY 
Str. Louis 
Tri-Cities 


GROUP VII 
CoLoRAbDo 
INLAND EMPIRE 
Los ANGELES 
OREGON 


San FRANCISCO 
Uran 
WESTERN WASHINGTON 


Special Committee of the Board 
of Honors and Awards 


COMMITTEE ON MEDALS 


Terms expire 1938 Terms expire 1940 
W. H. Carrier 
E. R. Fisa 

H. C. Meyer, Jr. 
L. W. WALLACE 


L. P. ALForD 

J. L. HARRINGTON 
D. C. Jackson 
RoBERT SIBLEY 


Terms expire 1939 


C. L. Bauscu 
Harte Cooke 
F. M. Gunsy 
R. L. Sackertr 


Terms expire 1941 
H. A. Everetr 
H. A. S. Howarta 
G. A. OrroK 
J. W. Roe 
Terms expire 1942 

ALEXANDER KLEMIN 

E. W. O'Brien 

E. S. PEARCE 

R. V. Wricut 


Special Publications Committee 


BIOGRAPHY ADVISORY COMMITTEE 


R. V. Wriaut, Chairman G. A. OrroK 
L. P. ALFrorp J. W. Rog 
R. E. FLANDERS W. H. WINTERROWD 


Special Council Committees 
ACCREDITING PROGRAM 


A. A. Porter, Chairman 

(J. W. Barker, Alternate) 
W. H. Han Relations With Colleges 
R. H. McLarty, Admissions 


ADVISORY BOARD ON PROFESSIONAL STATUS 


. H. Herron, Chairman 

. F. Hrrsurep, Engineers’ Council for Professional Development 
. H. McLarn, Admissions 

. M. Paumer, Registration 

. F. Woop, Professional Conduct 
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ADVISORY BOARD ON STANDARDS AND CODES 


R. J. S. Prcorr, Chairman 

V. M. Frost, Boiler Code 

Francis HopGkinson, Power Test Codes 
H. H. Jupson, Safety 

O. A. Leurwiter, Standardization 


ADVISORY BOARD ON TECHNOLOGY 


S. W. Dup.ey, Chairman 

G. F. Bateman, Publications 
Crossy Professional Divisions 
R. F. Gaaa, Meetings and Program 
L. W. Wattace, Research 


AIMS AND OBJECTIVES 


ALFRED IppLEs, Chairman 
E. M. BreEeD 

F. E. CarpuLLo 

W. L. 

E. E. Howarp 


L. E. Jermy 

R. G. Macy 

E. W. O’Brien 

G. B. Pearam 

H. R. Westcotr 
Ex-Officio 


S. W. Dup.ey, Board on Technology 

P. B. Eaton, Speaker, Delegates Conference, 1938 Annual Meeting 
J. H. Herron, Board on Professional Status 

K. W. Jappe, Finance 

R. J. S. Praort, Board on Standards and Codes 

W. R. Wootrica, Local Sections 


BOARD OF REVIEW 


S. D. Sperone, Chairman C. P. Buiss F. FarRMER 


CERTIFICATE AND PIN FOR FELLOW GRADE 


L. W. Chairman 
ALrorp 


B. M. BriGMaNn 
M. K. Dutron 


CITIZENSHIP (MANUAL ON) 


A. R. Chairman 
M. GILBRETH 


W. H. WInTERROWD 
J. W. Rog R. V. Wricat 


DEVELOPMENT 
KIMBALL, Chairman 


Ss. G. A. OrRoK 
G. BaILey W.S. Fintay, JR. 


D. 
E. C. G. SPENCER 
DUES-EXEMPT MEMBERS’ CONTRIBUTIONS 


Harte Cooke, Chairman 
G. W. Farny 


F. D. HERBERT 


W. R. WesBstTER S. H. Lipsy 


ECONOMIC STATUS OF THE ENGINEER 


C. N. LAvER 
H. B. OatTLey 
H. L. 


C. J. Freunp, Chairman ‘ 
C. F. | 
D. S. KImBaLu 


W. E. WicKENDEN 


Chairman of Committees on Local Sections and Relations With 
Colleges, Ex-Officio 


EDUCATION 


F. L. ErpMann, Chairman 
A. D. BatLey 

C. J. FREuND 

H. P. HAMMoND 

W. A. HANLEY 


J. C. HUNSAKER 

V. M. PALMER 
WARNER SEELY 

A. R. STEVENSON, JR. 
W. R. 


FREEMAN FUND 
E. C. HutcHInson 
MANUAL OF PRACTICE 


B. F. Woop, Chairman 
J. A. Secretary 
ALFRED IDDLES 


CLARKE FREEMAN G. A. OrroK 


Wynn MEREDITH 

J. M. Topp 

M. X. WILBERDING 
E. F. Scorr, Ex-Officio 

Junior Advisor, Pattie WERNER 


MECHANICAL CATALOG 


F. L. Brapuey, Chairman 
R. E, THaver 


W. T. Conton 
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NATIONAL DEFENSE 


H. I. Cong, Chairman J. L. WaLsH 
W. C. DickERMAN C. T. Harris (War Dept. Rep.) 


T. A. MorGan A. M. R. ALLEN (Navy Dept. Rep.) 
REGISTRATION 

J. RowLanp Brown, Chairman J. A. McPHERSON 

B. M. BriGMan V. M. PaLMER 

J. A. HUNTER R. J. REED 


W. K. Stmpson 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 


(Dates in parentheses denote expiration of terms) 


V. J. Chairman (1943) OrvVILLE Wrigut (1940) 
J. H. Doouirrie, Secretary (1940) C. B. MILurkan (1943) 
Two additional members to be appointed 


GEORGE WESTINGHOUSE BUST 


L. A. OSBORNE 
C. F. Scorr 


D. S. Chairman A. L. HUMPHREY 
L. B. STILLWELL, Vice-Chairman C. N. Laver 

C. E. Davigs, Secretary J. H. McGraw 
K 

Ss 


R. V. Wricur 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages RI-24, 29, 31, 34, and 36. 
(Dates in parentheses denote expiration of terms) 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 
SECTION M, ENGINEERING 
(To be appointed) 


AMERICAN ENGINEERING COUNCIL 


(One-year term) 

H. N. Davis, Chairman R. E. FLANDERS 
W. L. Barr W. A. HAaNLEY 
E. W. O'BRIEN 
Alternates: L. P. ALForp, W. H. CLapp, SABIN CROCKER, 

A. L. Davis, G. F. McDovuGa..t, T. S. McEwan 


AMERICAN STANDARDS ASSOCIATION 


Alternates: A. L. Baker (1938) 
C. B. LePaGe (1938) 


WALTER SaMans (1939) 
ALFRED IppLEs (1940) 
AMERICAN YEAR BOOK CORPORATION 
C. E. Davies 


BUREAU OF WELDING RESEARCH 


JAMES PARTINGTON 


THE ENGINEERING FOUNDATION 


A. E. Wuirte (1939) K. H. Conpir (1939) 
W. H. FuLWeILer (1940) 


RESEARCH PROCEDURE OOMMITTEE 
W.H. (1938) 


ENGINEERING HISTORY 


G. A. OrroK J. W. Roe 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 


NATIONAL BOARD 
C. E. Davies 


METROPOLITAN BOARD 
ERNEstT HartTForD, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 
W. E. WICKENDEN (1938) C. F. HrrsHrecp (1939) 
A. R. STEVENSON, JR. (1940) 
JOHN FRITZ MEDAL BOARD OF AWARD 


Pau Dory (1938) W. L. Barr (1940) 
R. E. FLanpeErs (1939) J. H. Herron (1941) 


FUEL VALUES 


JOINT COMMITTEE WITH THE A.I1.M.E. 


A. D. BatLey J. C. Hosss 

E. H. Barry A. L. PENNIMAN, JR. 
F. M. Gipson E. B. Rickxetrs 

H. Drake HarKINS E. H. TENNEY 


GANTT MEDAL BOARD OF AWARD 
K. H. Conpir (1938) A. F. Ernst (1939) 
To be appointed (1940) 
DANIEL GUGGENHEIM MEDAL FUND, INC. 
B. M. Woops (1938) T. A. MoraGan (1939) 
W. B. Mayo (1940) 
JOSEPH A. HOLMES SAFETY ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


C. N. Laver (1939) W. H. KENERSON (1941) 
S. F. (1943) 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 


U.S. NATIONAL COMMITTEE 


H. N. Davis HODGKINSON 


PauL DIsERENS 


Alternates: C. Berry, E. C. HutcHinson 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 
J. H. HERRON 


NATIONAL FIRE WASTE COUNCIL 
J. A. NEALE 


NATIONAL MANAGEMENT COUNCIL 


L. P. ALForp (1939)—C. W. Lyt.e, Alternate 
L. C. Morrow (1940)—W. H. Kusunick, Alternate 
J. A. Piacirenri (1941)—F. L. ErpMann, Alternate 


NATIONAL RESEARCH COUNCIL 
DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


R. C. H. Heck (1940) 
C. E. Davies, Secretary, Ex-Officio 


Bert HovuGuton (1938) 
W. Trinks (1939) 


ALFRED NOBLE PRIZE 
A. M. GREENE, JR. 


UNITED ENGINEERING TRUSTEES, INC. 


H. A. LARDNER (1938) D. Rosert YARNALL (1939) 
K. H. Conprr (1940) 


ENGINEERING SOCIETIES MONOGRAPHS COMMITTEE 


C. B. Peck L. K. Sttucox 


WESTERN SOCIETY OF ENGINEERS 
WASHINGTON AWARD 


C. B. Nourse (1938) BERNHARD SCHROEDER (1939) 
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Professional Divisions 


ARTICLE B6A, Par. 16: 


L. K. (1939) 
HarTE Cooke (1940) 


Junior Advisor: 


The Standing Committee on Professional 
Divisions shall, under the direction of the Council, have supervision 
of the Professional Divisions of the Society. 


STANDING COMMITTEE 


Crossy Fie.p, Chairman and Representative on the Council (1938) 


CaruTHErs, Jr. (1938) 


Victor Wicuum (1941) 
G. B. (1942) 


Aeronautic Division 
Organized, 1920 
ALEXANDER KLEMIN, Chairman 
EXECUTIVE COMMITTEE 


ALEXANDER KLEMIN, Chairman 
Cras. H. Douan, Ist Vice-Chairman 
JEROME LEDERER, Secretary 


R. M. Mock 
R. V. Morse 
B. M. Woops 


GENERAL COMMITTEE 


E. A. Sperry, Chairman 


COMMITTEE ON INDUSTRIAL AERODYNAMICS 


W. G. Grove 
O. E. Hovey 
A. L. 
R. J. S. Picotr 
L. K. 


ALEXANDER KLEMIN, Secretary 
OLIVER ALLEN 

W. H, Carrier, 

H. E. Davison 

H. P. FrREAR 


REPRESENTATIVES ON OTHER ACTIVITIES 


Aircraft Safety and Inspection, JERoME LEDERER 
Marking of Obstructions to Air Navigation, J. E. WaITsBeck 
Daniel Guggenheim Medal Fund, E. E. ALpRIN 


Applied Mechanics Division 


Organized, 1927 
C. R. SopERBERG, Chairman 
EXECUTIVE COMMITTEE 


C. R. SopeRBERG, Chairman 
R. ExserGian, Secretary 


J. P. Den Hartoae 
H. L. DrypEN 
B. M. Woops 


Associates 
JESSE ORMONDROYD 
G. B. PEGRAM 
E. O. WaTERS 


J. C. HUNSAKER 
G. B. Kare.irz 
H. M. WesTERGAARD 


JOURNAL OF APPLIED MECHANICS 


ExEecuTIve CoMMITTEE 
J. M. Lesseuis, Technical Editor 


SPONSORS 


Dynamics, F. M. Lewis 
Elasticity, StepHEN TIMOSHENKO 
Fluid Mechanics, H. L. DrypEN 
Materials, R. E. Peterson 
Plasticity, A. NApaI 
Thermodynamics, J. A. Gorr 


Fuels Division 
Organized, 1920 
M. D. ENGLE, Chairman 


EXECUTIVE COMMITTEE 


M. D. EnGuie, Chairman 
A. R. Mumrorp, Secretary 


L. C. BosLer 
W. G. Curisty 
H. O. Crorr 


Associates 


B. J. Cross T. A. MarsH 
H. F. Hesiey R. A. SHERMAN 
K. M. Irwin A. C. STERN 

J. E. Tosey 


SUBCOMMITTEE ON PROGRAMS AND MEETINGS 
W. G. Curisty, Chairman 


COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page RI-24) 
K. M. Irwin, Chairman and Representative of Fuels Division 


COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page RI-23) 
K. M. Irwin, Chairman and Representative of Fuels Division 


JOINT COMMITTEE FOR MEETINGS WITH A.1.M.E. 


H. F. Hesrey, Chairman 
A.S.M.E. Members< B. J. Cross 

R. A. SHERMAN 

G. B. Goutp, Chairman 
A.I.M.E. D. R. MrrcHetu 

J. E. Tospey 


COMMITTEE TO CONSIDER A.S.T.M. TENTATIVE 
STANDARDS ON ‘‘DROP SHATTER” TEST AND 
‘“‘TUMBLER” TEST FOR DETERMINING 


FRIABILITY OF COAL 
R. A. SHERMAN, Chairman L. C. Bosuter, Secretary 


COMMITTEE TO COOPERATE WITH CONSUMER'S 
COUNSEL WITH RELATION TO ACTIVITIES OF 
NATIONAL BITUMINOUS COAL COMMISSION 


K. M. Irwin, Chairman T. A. Marsn, Secretary 


SUBCOMMITTEE ON MODEL SMOKE LAW 
A. G. Curistis, Chairman 
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RI-10 TRANSACTIONS OF THE A.S.M.E. 


Graphic Arts Division 
Formerly Printing Industries Division. Organized, 1922 


B. D. STEVENS, Chairman 


EXECUTIVE COMMITTEE 


B. D. StTEvENs, Chairman 
T. E. Darron, Secretary 
A. E. GIEGENGACK 


Frep W. Hocu 
R. G. MacDona.Lp 
HaparR ORTMAN 


Associates 
G. H. CarTER W. C. HueBNER 
Epwakp EpsTEAN W.S. Huson 
W. C. Guass W.R. Mavutu 


W. F. Harvey J. C. 

The Division sponsors the Conference of the Technical Experts in 
the Printing Industry, a forum for the discussion of the mechanical 
and process problems of the entire graphic arts field; also the Graphic 
Arts Research Bureau, formed to act as a clearing-house for graphic 
arts research and for the collection, correlation, and distribution of re- 
search information pertaining to the industry and for the sponsorship 
of research work. 


Heat Transfer Professional Group 
Organized, 1938 


J. H. SENGSTAKEN, Chairman 


EXECUTIVE COMMITTEE 


J. H. SENGSTAKEN, Chairman E. D. Grimison 
W.S. Parrerson, Secretary H. C. Horret 
Txuos. Drew C. E. Lucke 
A. K. Scorr 
Hydraulic Division 


Organized, 1926 
S. Logan Kerr, Chairman 


EXECUTIVE COMMITTEE 


S. Logan Kerr, Chairman 
F. G. Switzer, Secretary 


C. F. Merriam 
Forrest NaGLER 
M. P. O’Brien 


COMMITTEE ON WATER HAMMER 


Honorary Chairman, LorENzO ALLIEVI, Rome, Italy 
S. Logan Kerr, Sponsor and Chairman 


N. R. Grsson L 
Hatmos R. 8S. Quick 
E. B. StTROWGER 


Affiliated Societies and Their Representatives: 


American Society of Civil Engineers, N. R. Grsson and Forp Kurtz 
American Water Works Association, F. M. Dawson and L. H. Kessiter 


Associate Members, Representing: 


Australia, GEorGe 

Austria, R. Lowy 

Brazil, A. W. K. Brtuines and F. Knapp 

Engineering Institute of Canada, R. W. ANcus and F. M. Woop 

France, Louis BERGERON and CHARLES CAMICHEL 

Germany and Verein Deutscher Ingenieur, D. THoma 

Great Britain and Institution of Mechanical Engineers, E. Bruce 
Batt and A. H. Grsson 

Italy, GAUDENzIO FANTOLI and ALBINO PASINI 

Switzerland, CHar.es JAEGER and O. SCHNYDER 


COMMITTEE ON CAVITATION 
C. F. Merriam, Sponsor 
L. F. Moopy, Chairman 
COMMITTEE ON GENERAL HYDRAULICS 
M. P. O’Brien, Sponsor and Chairman 


FEBRUARY, 1938 


COMMITTEE ON HYDRAULIC PRIME MOVERS 
Forrest NAGLER, Sponsor 
J. FRANK RoBErts, Chairman 
COMMITTEE ON PUMPING MACHINERY 


F. G. Switzer, Sponsor 
R. L. DauGuerty, Chairman 


Tron and Steel Division 


Organized, 1927 


S. M. Chairman 


EXECUTIVE COMMITTEE 


S. M. WecksTEIN, Chairman J. A. 
Morris STone, Secretary R. J. WEAN 
C. W. BENNETT T. H. WickeENDEN 


Associates 
A. J. Boynton J. H. RoMANN 
J. H. Hircucock G. T. SNYDER 
S. M. W. TriInks 


W.R. WEBSTER 


Machine Shop Practice Division 
Organized, 1921 


G. F. NorDENHOLT, Chairman 


EXECUTIVE COMMITTEE 


G. F. NorpENHOLT, Chairman A. M. JoHnson 
J. R. WEAVER, Secretary Ertk OBERG 
W. A. Jounson, Staff Secretary B. G. Tana 


SUBCOMMITTEE ON FOUNDRY PRACTICE 


JAMES THOMSON, Chairman R. E. Kennepy, Secretary 


SUBCOMMITTEE ON MACHINE DESIGN 
E. S. Chairman 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 


W. F. Parisn, Chairman C. M. Larson 


H. J. Masson 


SUBCOMMITTEE ON CUTTING METALS 


Hans Ernst, Chairman 


(See also Special Research Committee on Cutting of Metals, 
page RI-22) 


SUBCOMMITTEE ON WELDING 
C. W. OBErt, Chairman 


Management Division 


Organized, 1920 
L. C. Morrow, Chairman 


EXECUTIVE COMMITTEE 


. Morrow, Chairman Haro.p B. BerGen 
Row ey, Jr., Secretary J. A. Jacoss 


Ww. H. Kussgnick, Vice-Chairman WALTER RAUTENSTRAUCH 


Associates 


C. W. Lyte F. E. Raymonp 
J. A. PIACITELLI J.R. 
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Materials Handling Division 


Organized, 1920 
R. B. Renner, Chairman 
EXECUTIVE COMMITTEE 
R. B. RENNER, Chairman 


F. J. SHEPARD, JR., Secretary 
G. E. HaGemann, Vice-Chairman 


Nrxon ELMER 
J. A. JACKSON 
M. C. 


Associates 


F. D. CAMPBELL 
R. H. McLain 


F. E. Moore 
E. D. 
J. B. Wess 


Oil and Gas Power Division 
Organized, 1921 
E. J. Kates, Chairman 


EXECUTIVE COMMITTEE 


E. J. Kates, Chairman 
M. J. Reep, Secretary 
Car. BEHN 


F. G. HeECHLER 
L. H. Morrison 
ERNeEst NIBBS 


Associates 


Harte Cooke 
H. E. 
L. R. Forp 


C. W. Goop 
Masor 
LEE SCHNEITTER 


SUBCOMMITTEE ON OiL ENGINE POWER COST 
REPORT FOR 1937 
H. C. Masor, Chairman 
M. J. Reep, Secretary 
H. S. Brown 
L. T. Brown 
HaLe CoppiInG 
L. R. Forp 
CLARENCE HoEN 
E. J. Kates 


H. C. LENFEST 

A. B. MorGan 

H. A. PERSON 

T. M. Rosie 

LEE SCHNEITTER 
P. H. ScHWEITZER 
H. C. THuERK 

C. A. TRIMMER 
PATRICK SCHLESINGER 


Petroleum Division 


Organized, 1925 
Reorganized, 1937 


W. H. Carson, Chairman 
EXECUTIVE COMMITTEE 
W. H. Carson, Chairman 
J. H. ENGELBRECHT, Staff Secretary 
C. J. Copery, [st Vice-Chairman 
T. D. Tirrt, 2nd Vice-Chairman 
W. F. Hersert, 3rd Vice-Chairman 
H. L. EaGueston, 4th Vice-Chairman 


GENERAL COMMITTEE 
Mid-Continent 
W. H. Carson 
W. F. Hersert 
H. W. FLercHer 
GLENVER McConnNELL 


Pacific 
C. J. CoBERLY 
H. L. EGGLeston 
R. J. REED 
L. G. 


Atlantic 
E. H. BarRLow 
C. W. NorsinGEeR 
V. W. 
C. E. 


T. D. Tirrt A. L. Heintz C.C. ScHARPENBERG 
Power Division 
Organized, 1920 
W. A. Carter, Chairman 
EXECUTIVE COMMITTEE 
W. A. Carter, Chairman G. A. GAFFERT 
G. C. Eaton, Secretary J. C, Hopss 


E. L. Hopp1ne 


Process Industries Division 


Organized, 1934 


Vicror Wicuum, Chairman 


EXECUTIVE COMMITTEE 

J. W. Hunter 

J. A. McPHERSON 

R. F. O’Mara 

J. H. SENGSTAKEN 
ARNOLD WEISSELBERG 


Victor Wicuum, Chairman 
W. Keira McArer, Vice-Chairman 
T. R. Outve, Secretary 
THEODORE BAUMEISTER, JR. 
C. E. HARRINGTON 
W. R. Woo.ricH 


COMMITTEE ON INDUSTRIAL INSTRUMENTS AND 
REGULATORS 


ExecuTIve CoMMITTEE 


E. S. Smiru, Jr., Chairman A. F. Sprrzeuass, Secretary 
E. D. Vice-Chairman 
J. J. Grese, Chairman, Program Committee 
J. I. Yewiorr, Chairman, Terminology Committee 


COMMITTEE ON BREWING 
C. F. Kayan, Chairman 


COMMITTEE ON CERAMICS 
W. Keita McAres, Chairman 
COMMITTEE ON COTTONSEED PROCESSING 
W. R. Woouricn, Chairman 
COMMITTEE ON DRYING 
ARNOLD WEISSELBERG, Chairman 
COMMITTEE ON FANS AND BLOWERS 
THEODORE BauMEISTER, JR., Chairman 
COMMITTEE ON FOOD PROCESSING 
G. L. Montgomery, Chairman 
COMMITTEE ON MECHANICAL SEPARATION 
R. F. O'Mara, Chairman 
COMMITTEE ON PAPER AWARDS AND HONORS 
C. E. Lucke, Chairman 
COMMITTEE ON PULP AND PAPER 
J. A. McPuerson, Chairman 
COMMITTEE ON RUBBER AND PLASTICS 
F. L. Yerzuey, Chairman 
COMMITTEE ON SANITATION 
Raiscu, Chairman 
COMMITTEE ON SUGAR 
F. M. Gipson, Chairman 


Railroad Division 
Organized, 1920 
Epwarp C. Scumipt, Chairman 
EXECUTIVE COMMITTEE 


L. H. Fry (1940) 
A. I. Lipgerz (1941) 
D. S. (1942) 


Epwakrp C. Scuaipt, Chairman 
M. B. RicHarpson, Secretary 
C. T. (1939) 


GENERAL COMMITTEE (RR2) 


O. C. CROMWELL (1940) 

W. E. Dunuam (1940) 

J. R. Jackson (1940) 

A. Grest-GIesLINGEN (1941) 
L. W. (1941) 


Epwarp C. Scumipt, Chairman 
W. H. Ciea@e (1938) 

F. G. Lister (1938) 

G. A. Youna (1938) 

Harvey (1939) 
FRANK E. Russe. (1939) E. G. Youne (1941) 
R. W. Sauispury (1939) F. E. Lyrorp (1942) 

K. F. Nystrom (1942) 
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PAST-CHAIRMEN (RR3) 


E. B. Katre* (1920-1922) 
JAMES PAxTINGTON (1923-1924) 
C. E. CHamsBers (1925) 

H. B. Oatiey (1926-1927) 
Wma. (1928) 

R. S. McConneE (1929) 

A. F. Stevsine (1930) 


ELioT SUMNER (1931) 

T. C. McBripe (1932) 

L. K. (1933) 

C. B. Peck (1934) 

C. E. Barsa (1935) 

Geo. W. RINK (1936) 
W.H. WintTerRROwD (1937) 


CHICAGO GROUP (RR4) 


WALTER DUNHAM 
C. T. Ripiey 


PETER PAaRKE, Chairman 
E. L. Woopwarp, Secretary 
W. H. WINTERROWD 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 


A. F. STEUBING, Chairman 


COMMITTEE ON SURVEY (RR6) 


E. G. Youne, Chairman (Locomotive and Foreign Developments) 
K. F. Nystrom (Cars) 


COMMITTEE ON RESEARCH (RR9) 


L. H. Fry 
C. B. Peck 
L. W.WALLACE 


A. F. SteusinG, Chairman 
W. C. DicKERMAN 
WILLIAM ELMER 
W. H. WIntTERROWD 


* Deceased 
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Textile Division 
Organized, 1921 
H. D. LEarnarp, Chairman 
EXECUTIVE COMMITTEE 


H. D. LEARNARD, Chairman 
J. J. McE.roy, Secretary 
R. DeVeERE Horr, Metropolitan Representative 


WENDELL BROWN 
ALBERT PALMER 
STALL 


Associates 
A. W. Benorr 
W. L. Conrap 


M. A. Gourick, JR. 
P. A. MERRIAM 
C. H. RaMsey 


Wood Industries Diviston 
Organized, 1921 
A. W. Kevurre., Chairman 
EXECUTIVE COMMITTEE 


. W. Keurre., Chairman L. M. NicHois 


. H. McCarruy P. T. Norton, Jr. 
T. D. Perry 
Associates 
C. L. Bascock A. S. KuRKJIAN 
P. H. BILHUBER J. S. MATHEWSON 


C. B. Norris 
A. D. Situ, Jr. 


H. B. CARPENTER 
F. P. CARTWRIGHT 


MACHINING OF WOOD COMMITTEE 


G. E. FRENCH 
W. Kynocu 
C. M. THompson 


R. H. McCartny, Chairman 
C. L. Bascock 
E. M. Davis 
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Local Sections 


Article B6A, Par. 17: 


STANDING COMMITTEE 
W.R. Wootricu, Chairman and Representative on the Council (1938) 


D. B. Prentice (1939) 
A. J. Kerr (1940) 
Junior Advisor: 


Regional Group Delegates to Annual Conferences 


Terms expire October, 1938 


J. P. Harseson, Jr., Speaker for 1937 Conference, Group II 
K. F. Trescuow, Secretary, Group V 
A. L. Davis, Group I L. J. LassaLuie, Group 1V 
V. M. Frost, Group II C. A. Koepke, Group VI 
E. O. Eastwoop, Group VII 


Terms expire October, 1939 


P. B. Eaton, Speaker for 1938 Conference, Group ILI 
R. W. Morton, Secretary, Group VII 
C. P. Howarp, Group I W. E. McDoweE Lt, Group IV 
J. M. Driscout, Group II E. R. McCarruy, Group V 
D. K. Hurcuerart, Group VI 


AKRON-CANTON 
Organized: 1920 
Territory: Counties of Richland, Ashland, Medina, Summit, Port- 
age, Wayne, Stark, Holmes, Tuscarawas, Carroll, and Coshoc- 
ton in Ohio 
Number of Members: 142 


EXECUTIVE COMMITTEE 


S. H. Haun, Chairman 

C. W. Trout, Vice-Chairman 

A. D. MacLacuLan, Secretary-Treasurer 
M. R. BowERMAN 

A. G. BucKLEY 

W. O. CLINEDINST 

J. N. Downs 


JAMES FORREST 
O. G. PRuDDEN 
A. W. SEEKINS 
W. A. 

H. A. TRISHMAN 
A. G. WALKER 

C. D. ZIMMERMAN 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; 
cite-Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schu,. ‘ill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Allentown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 190 


reorganized, 1928, as Anthra- 


EXECUTIVE COMMITTEE 


J. T. Rea, Chairman 

L. H. Curren, Vice-Chairman 

P. B. Eaton, Vice-Chairman 
. C. Peters, Vice-Chairman 
. M. Merrick, Secretary 
. J. Prince, Treasurer 

). M. 


W. W. HaGerty 
B. H. JENNINGS 

J. B. Laupie 

R. H. Porter 

W. P. SAUNIER 

J. W. STEINMEYER 
V. Woop 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from Atlanta, Ga. 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 P.M. at Atlanta Athletic 
Club 

Number of Members: 75 


The Standing Committee on Local Sec- 
tions shall, under the direction of the Council, have supervision of 
the Local Sections of the Society. 


W. F. Carwarrt (1938) 


H. L. EaGieston (1941) 
J. N. Lanpis (1942) 


ATLANTA (Continued) 


EXECUTIVE COMMITTEE 


T. E. 
E. A. HARPER 
R. A. TROTTER 


. C. Hate, Chairman 
R. Moore, Vice-Chairman 
M. F. MERL, Secretary-Treasurer 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’ 
Club 

Number of Members: 158 


EXEcUTIVE COMMITTEE 


R. C. DANNETTEL, Chairman A. M. Gompr 
K. P. Hanson, Secretary-Treasurer N. B. Higerns 
>. R. CHisHoLM P. J. Kierer 


. F. Corrin W. E. Proctor 


BIRMINGHAM 
Organized: 1915 
Territory: Radius of sixty miles from Birmingham, Ala. 
Place of Meeting: Tutwiler Hotel 
Number of Members: 85 


EXECUTIVE COMMITTEE 


G. R. Oziey, Chairman 
J. E. Gerzen, Vice-Chairman 


J. E. Secretary-Treasurer 
D. H. GuLDBERG 


BOSTON 
Organized: 1909 
Territory: Radius of thirty miles from Boston, Mass. 
Place of Meeting: Rooms of the Engineering Societies of New Eng- 
land 
Local Organization: Engineering Societies of New England 
Number of Members: 510 


EXECUTIVE COMMITTEE 


RB. B. FoGuer, Chairman 
JaMES Hott, Vice-Chairman 
R. A. Spence, Secretary-Treasurer 


ATKINSON 
H. K. DEAN 
EpGar MacNavuGHTON 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Sectidn; reorganized 
as a Section, 192% 

Territory: Fairfield County, Conn. 

Place of Meeting: Stratfield Hotel 

Local Organization: Engineers’ Club of Bridgeport 

Number of Members: 129 


EXEcUTIVE COMMITTEE 


R. C. Moony, Chairman 

A. H. Vice-Chairman 
W. H. Snirren, Secretary 

A. W. HaGen, Treasurer 

T. H. Bearp 

ARTHUR BREWER 


. P. Harris 
. N. 
. MoGENSEN 


. H. Van Yorx 
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BUFFALO 


Organized: 1915 

Territory: Radius of thirty miles from Buffalo, N.Y. 
Place of Meeting: Hotel Statler 

Local Organization: Engineering Society of Buffalo 
Number of Members: 161 


EXECUTIVE COMMITTEE 


Pavut Chairman C. E. Harrineron, Treasurer 
E. K. NicHouson, Vice-Chairman L. W. BARGER 
W. A. MI ter, Secretary W. M. KaurrMan 

J. L. YaTEs 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from Indianapolis, within Indi- 
ana 

Place of Meeting: Place varies 

Local Organization: Indiana Engineering Society 

Number of Members: 127 


EXECUTIVE COMMITTEE 


J. D. HorrMan 
F. R. WEAVER 


J. C. Stecesmunp, Chairman 
C. M. Gross, Vice-Chairman 
Ronavp Uppike, Secretary-Treasurer 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty miles from State College, 
Pa. 

Place of Meeting: Pennsylvania State College, State College, Pa. 

Number of Members: 75 


EXEcuUTIVE COMMITTEE 


R. L. ANTHONY 


F. C. Stewart, Chairman 
J. H. A. Everett 


HumMeEL, Secretary-Treasurer 
J. W. Henzey 


CHARLOTTE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of seventy-five miles from Charlotte, N.C. 

Luncheon Meeting every Monday at 1:00 P.M. at Efirds Depart- 
ment Store 

Number of Members: 44 


CoMMITTEER 


A. W. BoututenBack, Chairman Asa HosMER 

R. P. Reece, Vice-Chairman W. W. Leroy 

F. R. Jackson, Secretary-Treasurer W. E. 
M. D. THoMason 


CHATTANOOGA 


Organized: 1922 

Territory: Radius of sixty miles from Chattanooga, Tenn. 

Local Organization: Chattanooga Engineers’ Club 

Luncheon meeting every Monday noon at Chattanooga Engineers’ 
Club 

Number of Members: 18 


ExEcuTIvVE COMMITTEE 


NEWELL SANDERS, Honorary Chairman H. H. BartLtey 
T. C. Ervin, Chairman M. P. WaLu 
G. 8S. Myers, Secretary-Treasurer 


CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chicago, III. 

Headquarters: Mid-West A.S.M.E. Office, Room 1617, 205 West 
Wacker Drive, Chicago, III. 

Luncheon Meeting every Tuesday at 12:15 P.M. at Chicago Engi- 
neers’ Club 

Local Organization: Western Society of Engineers 

Number of Members: 694 
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CHICAGO (Continued) 


EXECUTIVE COMMITTEE 


T. S. McEwan, Chairman L. M. Eviison 
W. E. DunuaM, Vice-Chairman F. C. Everirr 
B. D. Stevens, Vice-Chairman H. F. HeBiey 
R. E. Turner, Vice-Chairman A. H. Jens 

F. B. Orr, Secretary-Treasurer J.S. Kozacka 
C. C. AusTIN J. A. MoLLeR 
H. K. Becker H. S. PHILBRICK 
H. M. Buack DanteEL 
E. F. BuENGER E. R. Row.Ley 


W.H. WINnTERROWD 


CINCINNATI 
Organized: 1912 
Territory: Radius of thirty miles from Cincinnati, Ohio 
Place of Meeting: Engineers’ Club Rooms, Ninth & Race Sts. 
Local Organization: Engineers’ Club of Cincinnati 
Number of Members: 175 


EXECUTIVE COMMITTEE 


D. 8. Brown, Chairman T. B. Morris 

E. J. Martin, Vice-Chairman F. H. Prerrerve 

R. S. Parker, Secretary-Treasurer NATHAN RANSOHOFF 
F. E. CarDULLO E. H. Scuusert 

C. A. JOERGER C. E. Somoeyt 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and Ashta- 
bula in Ohio 

Place of Meeting: Statler Hotel 

Local Organization: Cleveland Engineering Society 

Luncheon Meeting every Wednesday at 12:30 P.M. at Hotel Statler 
Cafeteria 

Number of Members: 242 


EXECUTIVE COMMITTEE 


. C. CONNELLY, Chairman J. R. BRown 
. W. Witurams, Vice-Chairman G. B. Carson 
R. 
C. 


McCarrnay, Secretary C. A. DauBER 
McCLELLAND, Treasurer A. E. Gipson 
E. L. Linpsera 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 

Local Organization: Colorado Engineering Council (Colorado So- 
ciety of Engineers) 

Number of Members: 72 


Executive CoMMITTEE 


R. W. Morton, Chairman F. A. Lockwoop 
A. L. Secretary-Treasurer D. J. McQuaip 
L. D. Crain F. H. Prouty 

J. A. HUNTER G. A. RicuTer 


COLUMBUS 


Organized: 1920 

Territory: Counties of Union, Delaware, Licking, Madison, Frank- 
lin, Fayette, Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Institute and Ohio State 
University 

Local Organization: Engineers’ Club of Columbus 

Luncheon Meeting Third Friday of each month at 12:00 noon at 
Engineers’ Club, Columbus 

Number of Members: 60 


CoMMITTEE 
R. Berrier, Chairman 


S. R. H. N. Booker 
W. A. Wetcxer, Jr., Vice-Chairman D. R. Crorr 
R. C. Cross, Secretary-Treasurer R. A. SHERMAN 


R. N. Tucker 
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DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, Champaign, Preble, Mont- 
gomery, Greene, and northern part of Butler and Warren in 
Ohio 

Place of Meeting: Engineers’ Club of Dayton 

Local Organization: Engineers’ Club of Dayton 

Number of Members: 77 


EXEcuTIvVE CoMMITTEE 
H. M. Gano, Chairman 
R. K. Coppock, Vice-Chairman 
F. H. Secretary 


B. E. Tare, Jr., Treasurer 
A. R. WeBER 


Wa. BALDENHOFER 
C. E. Baupr 

R. W. Martin 

B. E. TREADWELL 


DETROIT 
Organized: 1916 
Territory: Radius of thirty miles from Detroit, Mich. 
Place of Meeting: Place varies 
Local Organization: Engineering Society of Detroit 
Number of Members: 428 


EXECUTIVE COMMITTEE 


G. C. DANIELS 

J. J. GReBE 

H. FE. KEELER 

A. F. KNoBiock 

E. T. Vincent 

L. T. Knocke, Er-Officio 


C. J. Freunp, Chairman 

M. W. BeNnsAMIN, Secretary-Treasurer 
C. R. ALDEN 

J. W. ARMouR 

B. W. Beyer, Jr. 

J. A. CARLIN 


ERIE 
Organized: 1917 
Territory: Radius of thirty miles from Erie, Pa. 
Place of Meeting: Auditorium of Pennsylvania Telephone Com- 
pany 
Number of Members: 39 


EXeEcUTIVE COMMITTEE 


B.S. Cain, Chairman G. W. Bacu 
W. L. Hunter, Vice-Chairman E. R. GNADE 
E. C. Ims, Secretary G. H. KAEMMERLING 
C. T. Orcs., Treasurer H. G. MvELLER 
A. J. Woopwarp 


FLORIDA 
Organized: 1925 
Territory: State of Florida 
Place of Meeting: Place varies 
Local Organization: Florida Engineering Society, Gainesville, Fla. 
Number of Members: 70 


EXEcuUTIVE CoMMITTEE 


M. H. C. BRoMBACHER 
J. H. CLovuse 


C. M. Lowry, Chairman 
CHARLES BEENSEN, Vice-Chairman 
N. C. Esavan, Secretary-Treasurer V. C. CoucHMAN 
R. 8S. BARNABY W. E. Drew 

W. L. Bassett, Student Branch Chairman 


GREEN MOUNTAIN 
Organized: 1923 
Territory: Entire State of Vermont and neighboring and closely 
related communities of Claremont and Hanover, N.H. 
Place of Meeting: Springfield, Windsor, Vt., and Claremont, N.H. 
Local Organization: Vermont Engineering Society 
Number of Members: 33 


EXECUTIVE COMMITTEE 


C. J. DEWELL, Chairman J. B. JoHNSON 


Secretary-Treasurer P. M. 

M. H. Arms H. J. Lockwoop 

C. S. Beacu E. L. Sussporrr 
GREENVILLE 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Greenville, S.C. 

Place of Meeting: Meetings held at Greenville, Clemson College, 
S.C., Canton, Asheville, and Enka, N.C. 

Number of Members: 32 


GREENVILLE (Continued) 


COMMITTEE 


B. E. Fernow, Chairman H. H. Iter 

J. R. Vice-Chairman P. P. Krrex 

J. H. Sams, Secretary-Treasurer G. R. Morgan 
R. B. FuLLer R. 8. Prourrr 


HARTFORD 


Organized: 1917, as Branch of Conn. Section; reorganized, 1923 

Territory: Hartford County except that portion served by Meri- 
den and New Britain Sections 

Place of Meeting: Hartford Electric Light Company 

Number of Members: 128 


CoMMITTEE 


F. O. HoaGLanp 
W.S. 

R. S. SHaw 

S. J. TELLER 

H. B. van ZELM 


. R. Truepsson, Chairman 

. K. Moraan, Vice-Chairman 

. D. Keer, Secretary-Treasurer 
. F. Dow 

E. P. Herrick 


Rok?) 


J.C. Warp, Jr. 


INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and part of Northern Idaho 

Place of Meeting: Davenport Hotel, Spokane 

Luncheons Wednesdays at 12:00 noon, Davenport Hotel, Spokane 

Local Organization: Associated Engineers of Spokane 

Number of Members: 30 


EXECUTIVE COMMITTEE 


D. R. Gray 


L. J. Pospisi. 


H. F. Gauss, Chairman 
H. H. Lanapon, Vice-Chairman 
C. I. CARPENTER, Secretary 


ITHACA 


Organized: 1936 

Territory: Radius of thirty miles from Ithaca plus following cities: 
Binghamton, Corning, Endicott, Geneva, Painted Post 

Place of Meeting: Willard Straight Hall, Cornell Campus, Ithaca, 
N.Y. 

Number of Members: 73 


EXECUTIVE CoMMITTEE 


W. M. Sawpon, Chairman H. E. Hotrorp 
M. P. WuitNney, Vice-Chairman L. W. Morrow 
F. S. ErpMAN, Secretary-Treasurer E. F. Murpuy, Jr. 


F. G. Switzer 


KANSAS CITY 
Organized: 1921 
Territory: Radius of sixty miles from Kansas City, Mo. 
Place of Meeting: President Hotel 
Local Organization: Engineers’ Club of Kansas City 
Number of Members: 125 


Executive CoMMITTEE 


Linn HELANDER, Chairman F. J. HotzBaur 
C. E. Brown, Secretary J. F. PrircaHarp 
P. L. Stouz, Treasurer W. B. 
H. L. Crain H. A. Smita 

E. D. Hay J. R. Stone 


KNOXVILLE 
Organized: 1923 
Territory: All the counties east of the west boundaries of the following: 
Morgan, Roane, Loudon, McMinn, Scott, and Polk, Tenn., and 
Bell County, Ky. 
Place of Meeting: Andrew Johnson Hotel 
Local Organization: Knoxville Technical Club 
Number of Members: 76 


ExecuTIvE CoMMITTEE 
F. WILKINSON, JR., Chairman 
J. Secretary-Treasurer 


D. R. SHEARER 


L. 
M. 
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LOS ANGELES 
Organized: 1915 
Territory: South of southern boundaries of following counties: 
Monterey, Kings, Tulares, and Inyo, Calif. 
Place of Meeting: Ninth floor, Chamber of Commerce Bldg. 
Local Organization: Technical Societies of Los Angeles 
Luncheon Meetings Thursdays at 12:00 noon at Engineers’ Club 
Number of Members: 370 


EXECUTIVE COMMITTEE 


W.#H. Crapp, Chairman Smitx LEE 

C. J. Coperty, Vice-Chairman H. M. Perry 

MENDENHALL, Secretary-Treasurer C. H. SMITH 

S. F. Duncan A. W. WELLS 

H. S. Hoveuton H. L. Eaa@ueston, Ex-Officio 


LOUISVILLE 
Organized: 1922 
Territory: Radius of thirty miles from Louisville, Ky. 
Place of Meeting: Engineers and Architects Club of Louisville 


Local Organization: Engineers and Architects Club 
Number of Members: 41 


EXECUTIVE COMMITTEE 


L. R. Jackson, Chairman B. M. BriaMan 
J. H. Romann, Vice-Chairman G. W. HuBiey 
H. H. Fenwick, Secretary J. F. Hurst 

Vv. &. 


Furnas, Jr., Treasurer 


MEMPHIS 


Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn. 
Number of Members: 18 


EXECUTIVE COMMITTEE 


W. J. Fransiout, Jr., Chairman R. O. FRaNKUM 
M. W. Rice, Vice-Chairman C. M. McCorp 
R. B. H. SHEPHERD, Secretary-Treasurer W. H. Roserts 


METROPOLITAN 


Organized: 1910 

Territory: Metropolitan District, New York and New Jersey 

Place of Meeting: Engineering Societies Building, New York, 
N.Y. 

Number of Members: 3356 


EXECUTIVE COMMITTEE 


E. H. FezanpDie 

C. A. HESCHELES 

G. W. KELsEyY 

O. B. Scuter, II 

J. N. Lanois, Ex-Officio 


THEODORE BAUMEISTER, JR., Chairman 
J. M. Driscou., Secretary 

V. M. Frost, Treasurer 

T. B. ALLARDICE 

A. F. Ernst 


MID-CONTINENT 


Organized: 1919 

Territory: Entire states of Oklahoma and Arkansas, and a part of 
Louisiana. In Texas north of the southern boundaries of the 
counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones, and 
Shackelford 

Place of Meeting: 102 Tulsa Bldg., Tulsa, Okla. 

Number of Members: 123 


EXECUTIVE COMMITTEE 


W.S. BauGu 
BERNY OAKLAND 
L. C. Price 

H. T. Sears 


Emory KEM Ler, Chairman 

F. A. Stivers, Vice-Chairman 
D. K. Hutcuerart, Secretary 
HENRY SCHAEFER, Treasurer 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Milwaukee, Wis. 
Place of Meeting: Milwaukee Athletic Club 

Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 207 
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MILWAUKEE (Continued) 


EXxecuTIVE CoMMITTEE 


L. H. Stark, Chairman 
T. F. EserKaun, Secretary 
W. D. Buss 

Hans DAHLSTRAND 


F. H. DorNER 
P. P. Fricnerski 
A. H. Lugepicke 
ARTHUR SIMON 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 1913; the two Sections 
merged, 1934 

Territory: Entire State of Minnesota 

Place of Meeting: Minnesota Union 

Local Organization: Minneapolis Engineers’ Club, Minnesota 
Federation of Architectural and Engineering Societies 

Number of Members: 102 


EXECUTIVE COMMITTEE 


P.S. Van Wyck, Chairman L. A. Coss 
G. B. Bouvier, Vice-Chairman P. J. FRAWLEY 
A. R. Forp, Secretary-Treasurer K. A. 


NEBRASKA 


Organized: 1922 

Territory: State of Nebraska, and Council Bluffs, lowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of Lincoln and Omaha 

Luncheon Meeting every Wednesday noon at the Omaha Engineers’ 
Club 

Number of Members: 33 


EXEcUTIVE COMMITTEE 


W. L. DeBaurre, Chairman 
L. J. Rur, Vice-Chairman 
A. A. Lugs, Secretary-Treasurer 
C. F. Movuuton 


N. H. BarRNarRD 
J. W. BurNetr 
Ortro JABELMAN 


NEW BRITAIN 


Organized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: New Britain, Plainyille, Forestville, Bristol, Kensington, 
and Berlin, Conn. 

Place of Meeting: Auditorium of the State Trade School 

Number of Members: 51 


EXeEcuTIVE COMMITTEE 


P. W. Bauer, Chairman C. N. Fraaea, Jr. 
C. C. Stevens, Vice-Chairman R. A. Grisge 
M. L. Stevens, Secretary-Treasurer N. F. Hserpee 


B.S. Lewis 


NEW HAVEN 
Organized: 1912; reorganized, 1923 


Territory: Portions of New Haven and Middlesex Counties, Conn. 
Place of Meeting: Mason Laboratory, Yale University 


Number of Members: 87 . 
EXECUTIVE COMMITTEE 
M. J. Rapeck1, Chairman I. T. Hook 
L. H. Von Onsen, Secretary-Treasurer F. W. Keator 
A. L. BRECKENRIDGE R. A. Nortu 


W. F. THompson 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 

Place of Meeting: Room 422, St. Charles Hotel 

Local Organization: Louisiana Engineering Society 

Number of Members: 92 


EXECUTIVE COMMITTEE 


C. C. Crawrorp, Chairman L. J. 
G. R. Hammett, Secretary-Treasurer J. K. Mayer 
J. S. Huey R. F. 
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NORTH TEXAS 


Organized: 1922 

Territory: Radius of one hundred and twenty-five miles from Dallas, 
in Texas 

Place of Meeting: Dallas Power & Light Co. Bldg. 

Local Organization: Technical Club of Dallas 

Number of Members: 83 


EXECUTIVE COMMITTEE 

P. M. CorpeLu 
. R. Crowpus 
A. Noyes 


H. R. Pearson, Chairman 
H. M. Rosinson, Secretary-Treasurer 
H. CHamBers, Jr. J. 


NORWICH 


Organized: 1930 

Territory: Counties of Tolland, Windham, and New London in 
Connecticut, and Westerly District in Rhode Island 

Place of Meeting: Arcanum Club, 150 Main St., Norwich 

Number of Members: 30 


EXECUTIVE COMMITTEE 


W. K. Eckuarp 
W. L. 
Love.Lock 
L. E. Wairon 


Ernest Nipss, Chairman 

A. D. ANprRIoLA, Chairman, Program Comm. 
A. E. Wetcnu, Secretary-Treasurer 

C. E. BARBER 


ONTARIO 


Organized: 1917 
Territory: Province of Ontario, Canada 
Place of Meeting: Mining Building, University of Toronto 


Number of Members: 111 

EXECUTIVE COMMITTEE 
W. G. McIntosn, Chairman C. C. Cariss 
W. E. Mick.eruwairte, Secretary-Treasurer S. G. CLARKE 
T. C. AGNEW D. F. Cornisu 
W.S. BALL F. G. East 


R. B. 


W. T. BrickENDEN ; 
O. W. 


J. R. BurGess 
C. H. McL. Burns 


OREGON 


Organized: 1919 

Territory: State of Oregon and that territory in Washington within 
a radius of thirty miles from Portland, Ore. 

Place of Meeting: Portland Hotel, Portland, Ore. 

Local Organization: Oregon Society of Engineers 

Number of Members: 50 


EXECUTIVE COMMITTEE 


G. F. McDovuGatL 
C. W. Morpen 


P. L. Hesiop, Chairman 
T. M. Ober, Secretary-Treasurer 
A. A. OstpovicH 


PENINSULA 


Organized: 192 

Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 
Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

Local Organization: Engineers’ Club of Grand Rapids 

Number of Members: 60 


EXECUTIVE COMMITTEE 


C. B. Norris, Chairman L. L. BENEDICT 
L. A. Corne.ius, Vice-Chairman A. 
R. E. Kuise, Secretary-Treasurer 


S. KurRKJIAN 


PEORIA 


Organized: 1937 

Territory: Sixty miles from Peoria, IIl. 

Place of Meeting: The Endres Hotel, Peoria, Ill. 
Number of Members: 38 
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C. A. Davis, Jr., Vice-Chairman 


PEORIA (Continued) 


EXEcUTIVE COMMITTEE 


F. L. Meyer, Vice-Chairman 
R. T. Mess, Secretary-Treasurer 


BENTLEY Brown, Chairman 


F. S. Hespen, Vice-Chairman 


PHILADELPHIA 

Organized: 1912 

Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ Club, 1317 Spruce Street, 
Philadelphia, Pa. 

Local Organization: Philadelphia Engineers’ Club 

Luncheon Meeting every Tuesday noon at Philadelphia Engineers’ 
Club 

Number of Members: 818 


EXECUTIVE COMMITTEE 


CoLEMAN SELLERS, 3rd, Chairman H. E. Coru 
C. C. Jones, Vice-Chairman J. P. HaRBESON, JR. 
E. L. Hoppine, Secretary-Treasurer L. P. Hynes 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 
Venango, Forest, Jefferson, Indiana, Somerset, Fayette, Greene, 
and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 414 


EXecuTIVE CoMMITTEE 


G. E. Dignan, Chairman W. M. Frame 
P.G. MeVerry, Secretary B. M. Herr 
K. F. Trescuow, Treasurer J. F. HUNTER 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included between Elizabeth, 
Bound Brook, Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret Hotel, Elizabeth, and Plain- 
field Masonic Temple, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineering 
Society 

Number of Members: 197 


EXecvuTIvVE CoMMITTEE 


C. G. HotmBeraG, Jr., Treasurer 
W. A. APPLEGATE 
Joun Haypbock 


R.S. Brescka, Chairman 
D. V. Waters, Vice-Chairman 
Jos. Kerr, Secretary 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R.I. 

Place of Meeting: Providence Engineering Society Building, 195 
Angell St., Providence, R.I. 

Local Organization: Providence Engineering Society 

Number of Members: 144 


EXEcUTIVE CoMMITTEE 


S. A. VaULE, Chairman J. D. 

F. S. BLacKALL, Jr., Vice-Chairman E. W. FREEMAN 
A. W. Caper, Jr., Secretary-Treasurer N. D. MacLeop 
Z. R. A. W. MouLpEerR 
F. A. CHIFFELLE H. S. Sizer 


RALEIGH 


Organized: Asa Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N.C. 

Place of Meeting: N.C. State College, Raleigh, N.C. 

Local Organization: N.C. Engineering Council, Raleigh Engineers 
Club 

Number of Members: 27 
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RALEIGH (Continued) 


EXECUTIVE CoMMITTEE 


R. M. Rotuees, Chairman 
R.S. Vice-Chairman 
F. B. Turner, Secretary-Treasurer 


F. F. GRosEcLOsE 
E. G. 
C. E. KercHner 


ROCHESTER 


Organized: 1919 
Territory: Radius of thirty miles from Rochester, N.Y. 
Place of Meeting: Rochester Engineering Society Rooms, Sagamore 


Hotel 

Local Organization: Rochester Engineering Society, Sagamore 
Hotel 

Luncheon Meeting every Tuesday at 12:15 P.M. at Sagamore 
Hotel 


Number of Members: 86 


EXECUTIVE COMMITTEE 


T. F. Hooker, Chairman R. H. BusHLEY 
M. D. Leg, Vice-Chairman K. B. CastTLe 
I. G. McCuesney, Secretary-Treasurer W. T. 


HowarkbD HARDING 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Radius of thirty miles from Rockford, III. 
Local Organization: Rockford Engineering Society 
Number of Members: 52 


EXECUTIVE COMMITTEE 


F. P. GRuTZNER 
Harry Hau 
REGNER HESSELLUND 


J. H. MANSFIELD, Chairman 
L. H. Geppgs, Vice-Chairman 
A. C. Marrtison, Secretary-Treasurer 
A. M. JoHNsSON 


ST. JOSEPH VALLEY 

Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, Mar- 
shall, Fulton, Elkhart, and Kosciusko in Indiana, and Cass 
and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 25 


EXECUTIVE COMMITTEE 


C. R. Apams, Chairman C. C. Wincox, Vice-Chairman 
K. W. Knorr, Secretary-Treasurer 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. Louis, Mo. 
Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. Louis 
Number of Members: 186 


EXECUTIVE COMMITTEE 


C. J. Cottey, Chairman J. L. Best 
R. M. Pease, Vice-Chairman Davip LARKIN 
E. H. Sacer, Secretary-Treasurer G. L. SHANKS 


SAN FRANCISCO 

Organized: 1910 

Territory: All territory north of the northern boundaries of the 
counties of San Luis Obispo, Kern, and San Bernardino 

Place of meeting: Engineers’ Club, 206 Sansome St. 

Luncheon Meetings every Thursday at 12:00 noon at the Engineers’ 
Club 

Local Organization: San Francisco Engineers’ Club 

Number of Members: 381 


EXECUTIVE COMMITTEE 


G. L. SuLuivan, Chairman K. B. ANDERSON 
H. J. Smrru, Vice-Chairman A. B. DoMoNosKE 
H. B. Secretary-Treasurer V.F 

O. B. Lyman, Ex-Officio 
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SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savannah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of Savannah Chamber of 
Commerce 

Number of Members: 16 


EX&EcuTIVE COMMITTEE 


L. C. Rorsex, Chairman G. A. MERCER 
A. P. Keisker, Vice-Chairman A. M. OrmMonpb 
T. R. Jones, Secretary-Treasurer B. J. Sams 


SCHENECTADY 
Organized: As a Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N.Y. 
Place of Meeting: Edison Club Hall 
Number of Members: 170 


EXECUTIVE COMMITTEE 


B. O. BuckLanpb, Chairman 
J. K. Sauispury, Vice-Chairman 
E. E. Parker, Vice-Chairman 
A. L. KIMBALL, Vice-Chairman 
M. F. Sayre 


A. L. Ruiz, Secretary 
H. M. Orro, Treasurer 
J. E. ANDERSON 

A. I. Liperz 


SOUTH TEXAS 

Organized: 1919 
Territory: South Texas and the northern part of the State not in- 

cluded in the North Texas Section territory 
Place of Meeting: Electric Bldg., Houston, Tex. 
Number of Members: 126 

Executive CoMMITTEE 

V.M. Farres 
W. F. Herbert 
F. M. Leveretrr 


W. B. Preston 
A. B. STEEN, JR. 


B. E. SHort, Chairman 

D. D. Atron, Vice-Chairman 
J. J. Kine, Secretary-Treasurer 
M. L. BEGEMAN 

E. R. BREAKER 


A. H. Burr M. W. WILitTaAMs 
SUSQUEHANNA 

Organized: 1927 

Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 


York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York and Engineers’ 
Society of Pennsylvania, Harrisburg, Pa. 

Number of Members: 74 


EXECUTIVE COMMITTEE 


H. B. Martin, Chairman and Secretary 
C. G. A. Scumipt, Jr., Vice-Chairman 
O. G. WHEAT 


E. D. CLark 
A. BOWMAN SNAVELY 


SYRACUSE 


Organized: 1920 

Territory: Radius of thirty miles from Syracuse, N.Y. 
Place of meeting: Ball Room of the Onondaga Hotel 
Local Organization: The Technology Club of Syracuse 
Number of Members: 76 


EXEcUTIVE COMMITTEE 


M. B. Moyer, Chairman H. T. Avery 
R. C. Pau, Vice-Chairman E. A. FAILMEZGER 
M. F. Secretary-Treasurer W. O. 


E. K. Ropes 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

Place of Meeting: University Club, Toledo, Ohio 

Local Organization: Affiliated Technical Societies of Toledo 
Number of Members: 57 
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TOLEDO (Continued) 


Executive CoMMITTEE 


E. W. Weaver, Chairman 

J. R. Emery, Vice-Chairman 

N. R. Onter, Secretary-Treasurer 
C. A. ALEXANDER 

H. A. BENNETT 

8. B. Broorzkoos 


E. H. FARMER 
CaRL FRAUTSCHI 
H. O. Hem 

H. O. Kranicu 
L. H. MippLeton 
D. A. OBERST 

W. C. ScHROEDER 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty miles from Moline, III. 

Place of Meeting: Rock Island, IIl., Moline, Ill., and Davenport, 
lowa 

Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 noon 

Number of Members: 72 


EXECUTIVE COMMITTEE 
R. M. Barnes, Chairman 
R. A. Cross, Vice-Chairman 
C. A. Carson, Secretary-Treasurer 


E. G. Erickson 
J. M. HARTMAN 
J. H. 


UTAH 


Organized: 1923 

Territory: State of Utah 

Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 34 


EXECUTIVE COMMITTEE 
W. H. Trask, Jk., Chairman 


H. D. Lanpgs, *ice-Chairman 
W. D. Turpin, Secretary-Treasurer 


Jutius BILLETER 
J. D. Roperts 


VIRGINIA 


Organized: 1919 

Territory: State of Virginia 

Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke 
University, Petersburg 

Local Organization: Central Virginia Engineers Club 

Number of Members: 134 


EXECUTIVE COMMITTEE 
E. W. Faruey, Chairman 
G. L. Bascome, Vice-Chairman 
J. B. Jones, Secretary 
F. 8. Roop, Treasurer 


W. H. KNISKERN 
C. H. MANNING 
R. H. 
R. V. Terry 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D.C. 

Number of Members: 201 


ExecuTIve CoMMITTEE 


H. K. KuGeu 
H. G. THIELSCHER 
M. X. WILBERDING 


J. F. Fox, Chairman 
A. T. Dupont, Vice-Chairman 
W. B. Ensinacer, Secrelary-Treasurer 
P. A. 


WATERBURY 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 82 


WATERBURY (Continued) 


EXxecuTIvVE COMMITTEE 


L. G. Bean, Chairman A. L. Davis 
A. J. GerMAN, Vice-Chairman H. P. Harr 
C. W. Rusu, Secretary-Treasurer R. C. Perry 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
and Hampshire 

Place of Meeting: Highland Hotel, Springfield, Mass. 

Local Organization: Engineering Society of Western Massachusetts 

Number of Members: 88 


Franklin, Hampden, 


EXECUTIVE COMMITTEE 


A. H. Lewis, Jr. 
J. L. SCHERNER 
C. E. MayYNarD, Ex-Officio 


D. W. Chairman 
LEesTER CAMPBELL, Vice-Chairman 
L. G. Carron, Secretary-Treasurer 


WESTERN WASHINGTON 
Organized: 1919 
Territory: State of Washington west of the Columbia River with 
the exception of the territory included in the thirty-mile radius 
of Portland, Ore. 
Place of Meeting: Engineers’ Club, Arctic Bldg., Seattle, Wash. 
Local Organization: Seattle Engineers’ Club 
Luncheon Meetings daily at noon at Engineers’ Club, Seattle 
Number of Members: 94 


EXEouUTIVE COMMITTEE 


B. T. McMinn, Chairman 
BARTON CRUIKSHANK, Vice-Chairman 
R. E. Water, Secretary-Treasurer 
R. L. Dyer, Ex-Officio 


E. I. 
H. E. Perers 
A. N. WaLsTaD 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South of Parallel 39 
Place of Meeting: Charleston, W.Va. 

Number of Members: 50 


EXECUTIVE COMMITTEE 


F. L. ScHaErer, Chairman G. I. FexLine 


O. C. LANGE, Vice-Chairman E. R. Hasicutr 
H. B. Hickman, Secretary-Treasurer ANDREW HILL 
H. L. CarspecKEN E. L. Hupson 


WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from Worcester, Mass. 
Place of Meeting: Sanford Riley Hall, Worcester Poly. Inst. 
Local Organization: Worcester Engineering Society 
Number of Members: 132 


EXEcUTIVE COMMITTEE 


D. G. 
F. R. Jones 
Orro MULLER 


C. P. Howarpb, Chairman 
R. F. Gow, Vice-Chairman 
R. H. Woon, Secretary-Treasurer 
F. W. Roys 


YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahoning, and Columbiana in 
Ohio, and Mercer and Lawrence in Pennsylvania 
Place of Meeting: Central Y.M.C.A., Youngstown, Ohio 
Number of Members: 58 


Executive CoMMITTEE 


J. L. Wick, Jr., Chairman ANDREW CARNEGIE 
G. 8. WaRREN, Vice-Chairman C. J. Dusy 
C. W. Foarp, Secretary-Treasurer L. A. Kune 
FRANK Bowers E. O. Oren 


H. W. Smira 
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TRANSACTIONS OF THE A.S.M.E. 


Student Branches 


FEBRUARY, 1938 


ArTICLE B6A, Par. 20: The Standing Committee on Relations 
With Colleges shall, under the direction of the Council, have super- 
vision of the Student Branches of the Society and of such work of 
the Society as aims to further the education of engineers through 
the colleges and schools of accepted standing. 


STANDING COMMITTEE 


H. O. Crorr (1940) 


R. L. DauGHERTY 
H. E. DEGLER 


W. A. Haney, Chairman and Representative on the Council (1938) 
F. V. Laruin (1939) 


E. W. O’Brien (1941) 
A. C. Cuick (1942) 


Advisory Members (1938) 


E. O. Eastwoop 
H. B. LANGILLE 


R. S. 


Junior Advisor: C. K. HOLLAND (1938) 


Communicate with Student Branch through Honorary Chairman 


Name and Location 
Akron, Univ. of, Akron, Ohio 
Alabama, Polytechnic Inst., Auburn, Ala. 
Alabama, Univ. of, University, Ala. 
Arizona, Univ. of, Tucson, Ariz. 
Arkansas, Univ. of, Fayetteville, Ark. 
Armour Inst. of Technology, Chicago, III. 


Brooklyn, Polytechnic Inst. of, Brooklyn, N.Y. 
Brooklyn, Polytechnic Inst. of, Brooklyn, N.Y. 


(Evening) 
Brown Univ., Providence, R.I. 
Bucknell Univ., Lewisburg, Pa. 


California Inst. of Technology, Pasadena, Calif. 


California, Univ. of, Berkeley, Calif. 
Carnegie Inst. of Technology, Pittsburgh, Pa. 


Case School of Applied Science, Cleveland, Ohio 


Catholic Univ. of America, Washington, D.C. 
Cincinnati, Univ. of, Cincinnati, Ohio 


Clarkson College of Technology, Potsdam, N.Y. 
Clemson A. & M. College, Clemson College, S.C. 


Colorado, Univ. of, Boulder, Colo.—Division at 


Colorado School of Mines, Golden, Colo. 


Colorado State College of Agriculture & Mechanic 


Arts, Fort Collins, Colo. 
Colorado, Univ. of, Boulder, Colo. 
Columbia Univ., New York, N.Y. 
Cooper Union, New York, N.Y. 
Cornell Univ., Ithaca, N.Y. 
Delaware, Univ. of, Newark, Del. 
Detroit, Univ. of, Detroit, Mich. 
Drexel Inst., Philadelphia, Pa. 
Duke Univ., Durham, N.C. 
Florida, Univ. of, Gainesville, Fla. 
George Washington Univ., Washington, D.C. 
Georgia School of Technology, Atlanta, Ga. 
Idaho, Univ. of, Moscow, Idaho 
Illinois, Univ. of, Urbana, IIl. 
Iowa State College, Ames, Iowa 
Iowa, State Univ. of, Iowa City, Iowa 
Johns Hopkins Univ., Baltimore, Md. 
Kansas State College, Manhattan, Kan. 
Kansas, Univ. of, Lawrence, Kan. 
Kentucky, Univ. of, Lexington, Ky. 
Lafayette College, Easton, Pa. 
Lehigh Univ., Bethlehem, Pa. 
Lewis Inst., Chicago, III. 
Louisiana State Univ., Baton Rouge, La. 
Louisville, Univ. of, Louisville, Ky. 
Maine, Univ. of, Orono, Maine 
Marquette Univ., Milwaukee, Wis. 
Maryland, Univ. of, College Park, Md. 


Massachusetts Inst. of Technology, Cambridge, 


Mass. 


Michigan College of Mining & Technology, 


Houghton, Mich. 


Year 
Authorized Chairman 
1924 FULLER 
1920 R. T. DopGE 
1931 
1937 R. H. Lynn 
1910 W. B. STEuzNER, Jr. 
1909 THomMaAsS 
1909 CHESTER DaNowi1Tz 
CarRL KERTESZ 
1923 E. A. BARBER, JR. 
1916 L. B. Kos 
1914 C. W. CLARKE 
1912 J. L. Dicmas 
1913. E. J. HELDMANN 
1913. W. B. SEAVER 
1922 W.R. Scorr 
1909 KrRELL BosLeR 
1930 H. J. McCaspe 
1921 W. T. DeWirr 
E. E. Dawson 
1914. Roy VorHEES 
1914 A. H. Fa.uis 
1909 BERNARD JAFFE 
1920 J. D. ScHILLER 
1908 J. C. ANTRIM 
1929 R.H. Scorr 
1930 E. W. 
1920 A. F. DeELone 
1935 H.S. Evans 
1926 W. L. Bassetrr 
1924 L. W. Froyp 
1915 J. F. HurcHinson 
1925 WaLFrRED CARLSON 
1909 C. E. Beck 
1919 L. E. Haas 
1913. R. W. Lortz 
1917 V.S. Ivins 
1914. CLayTon MaTNEY 
1909 G. M. RussEeL 
1911 N. I. Gesuart 
1919 E. D. MaxFIELp 
1911 M. R. Co..ins, Jr. 
1933 N. JosEPHSON 
1916 L. T. WEATHERS 
1928 R. W. Lerns 
1910 SHERMAN VANNAH 
1923 F. H. Lav 
1937 V. H. Gray 
1909 James MAGUIRE 
1930 HARRISON WEAVER, JR. 


Secretary 


JAMES Harris 
M. G. Kemp 


R. Q. Parsons 
W. A. Lewis, Jr. 
C. K. NauMAN 
J. G. Morrow 


NATHAN ROTHMAN 
N. P. Pruppen 
LesTER McDoweE.u 
STANLEY VOORHEES 
J. T. Dawson 

R. L. MAKEPEACE 
W. F. 

J. L. Licer1 

A. W. SawTELLe 
E. C. SPENCER 

E. J. GALVANCK 


E. C. Maunp 


F. D. Estep 

R. E. JoHnson 
Tuomas Rocuester, JR. 
A. A. BuppE 

E. V. Dorr 

E. W. ScHwartz 

J. R. ZYNDA 

W. R. Taytor 

G. T. Bynum 

E. E. Bisson 

R. D. PFAHLER 

N. M. VauGHN 

V. A. LUUKKONEN 
R. O. Stack 

J. Horace Boyp 

J. D. Howarp 

D. Fax 

N. A. Eaton, Jr. 
D. A. BARNETT 

R. E. GitmMor 

W. O. Lanp 
DonaLp McKenzir 
D. H. CRAVENER, JR. 
AMON Day 

G. I. ELLSwortTH 
C. C. Osaoop 

P. C. HorrMan 

G. E. SEELEY 


R. C. Heacockx 


MicHAEL MESSNER, JR. 
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Honorary Chairman 
F. Grirrin 
C. R. H1xon 
J. M. GALLALEE 
M. L. THoRNBURG 
. G. Pappock 
. L. NACHMAN 
W. MING 


W. MING 
R. 

M. KuNKEL 
.S. CLark 
D. Howe 

. G. Estep 

. B. CARSON 
M. W. WescHLER 
R. L. Smiru 
W. H. Perers 
J. H. Sams, Jr. 


R. W. Morton* 


J. T. STRATE 

W.S. Beatriz 
FRANCIS HODGKINSON 
H. F. Ro—EMMELE 

L. F. WELANETz 
Leo BLUMBERG 

F. J. LINSENMEYER 
J. H. 

R. WILBUR 

N. C. 

B. C. CRUICKSHANKS 
R. A. Trorrer 

H. F. Gauss 

F. H. THomas 

H. L. Daascu 

R. M. BarRNeEs 

F. W. KouweENHOVEN 
Linn HELANDER 
R.S. Tait 

C. C. Jerr 

C. M. Merrick, III 
B. H. JENNINGS 
J.S. Kozacka 
WILLIAM WHIPPLE 
R. 8S. Trosrer 

H. D. Watson 

J. E. ScHoen 

J. N. G. Nessit 


C. L. SvENSON 


A. P. Youne 
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Year 

Name and Location Authorized Chairman 
Michigan State College, E. Lansing, Mich. 1917 J. E. BRUNDAGE 
Michigan, Univ. of, Ann Arbor, Mich. 1914 E. L. Stnciatr 
Minnesota, Univ. of, Minneapolis, Minn. 1913. H. ALLAN PAINE 
Mississippi State College, State College, Miss. 1926 G. D. WuiTine 
Missouri School of Mines & Metallurgy, Rolla, Mo. 1930 D. R. JAENECKE 
Missouri, Univ. of, Columbia, Mo. 1909 Ear. FALLIN 
Montana State College, Bozeman, Mont. 1920 P. H. HarRER 
Nebraska, Univ. of, Lincoln, Neb. 1909 D.I. Payne 
Nevada, Univ. of, Reno, Nev. 1923 E. C. Rouiins 
Newark College of Engineering, Newark, N.J. 1924 F. B. Norturup 
New Hampshire, Univ. of, Durham, N.H. 1926 T. J. HERLIHY 
New Mexico, Univ. of, Albuquerque, New Mex. 1935 GrorGe GRANDJEAN 
New York, College of the City of, New York 1922 ArTHUR CHIGER 
New York Univ., New York, N.Y., Mechanical 

Division 1917. L. K. Swenson 
New York Univ., New York, N.Y., Aeronautic 

Division HERBERT ZINBERG 
New York Univ., New York, N.Y., Evening 

Branch M. J. BERG 
North Carolina State College, Raleigh, N.C. 1920 W.H. FisHer 
North Carolina, Univ. of, Chapel Hill, N.C. 1929 D. E. HENDERSON 
North Dakota Agricultural College, Fargo, N.D. 1929 M. O. Huson 
North Dakota, Univ. of, Grand Forks, N.D. 1923. RayMoNnD JOHNSON 
Northeastern Univ., Boston, Mass. 1922 JoHN BopNAR 
Northwestern Univ., Evanston, III. 1935 J. H. Vye 
Notre Dame, Univ. of, Notre Dame, Ind. 1929 T. M. FirzGeRaLp 
Ohio Northern Univ., Ada, Ohio 1922 E. J. Prokop 
Ohio State Univ., Columbus, Ohio 1911 W.S. HANGER 
Oklahoma A. & M. College, Stillwater, Okla. 1921 M. R. Wise 
Oklahoma, Univ. of, Norman, Okla. 1917 W. A. ALLEN 
Oregon State Agricultural College, Corvallis, Ore. 1909 S. R. KeLLey 
Pennsylvania State College, State College, Pa. 1909 F. J. VittrortuH, JR. 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 R. E. DerBy 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 G. E. Horvatu 
Pratt Inst., Brooklyn, N.Y. 1923 C. J. Roppy 
Princeton Univ., Princeton, N.J. 1926 C. W. WiiiiamMs 
Puerto Rico, Univ. of, Mayaguez, P.R. 1923 Pepro 
Purdue Univ., W. Lafayette, Ind. 1909 W. B. WoLverRTOoN, JR. 
Rensselaer Polytechnic Inst., Troy, N.Y. 1910 Lusin PALMER, JR. 
Rhode Island State College, Kingston, R.I. 1930 R. W. Henry 
Rice Inst., Houston, Tex. 1926 J. E. Wiss—eNGER 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 J. R. MERRIFIELD 
Rutgers Univ., New Brunswick, N.J. 1920 H. W. CLaprer 
Santa Clara, Univ. of, Santa Clara, Calif. 1925 M. D. Donovan 
South Dakota State College, Brookings, S.D. 1935 J. A. Harpy 
Southern California, Univ. of, Los Angeles, Calif. 1929 ELMER SALOMONSON 
Southern Methodist Univ., Dallas, Tex. 1933 H. Busey 
Stanford Univ., Stanford University, Calif. 1909 D.S. Hooker 
Stevens Inst. of Technology, Hoboken, N.J. 1908 J. P. WaLsH 
Swarthmore College, Swarthmore, Pa. 1921 G. C. Carson 
Syracuse Univ., Syracuse, N.Y. 1912. W. F. Boy te, Jr. 
Tennessee, Univ. of, Knoxville, Tenn. 1923. J. E. MorGan 
Texas, A. & M. College of, College Sta., Tex. 1921 R. E. Wuite 
Texas Technological College, Lubbock, Tex. 1930 M. E. True 
Texas, Univ. of, Austin, Tex. 1921 C. J. Hieur 
Toronto, Univ. of, Toronto, Ont., Can. 1933. V. M. ParRRIsH 
Tufts College, Tufts College, Mass. 1917 W. A. PaRMAN 
Tulane Univ., New Orleans, La. 1933. D. E. JAHNCKE 
Utah, Univ. of, Salt Lake City, Utah 1923. O. C. Wi_pe 
U.S. Naval Academy, Post Graduate School, 

Annapolis, Md. 1925 H.S. Persons 
Vanderbilt Univ., Nashville, Tenn. 1928 GRAHAM FINLEY 
Vermont, Univ. of, Burlington, Vt. 1922 F. T. Gear 
Villanova College, Villanova, Pa. 1925 E. A. Marutas 
Virginia Polytechnic Inst., Blacksburg, Va. 1915 Ropsert CuBBERLY 
Virginia, Univ. of, University, Va. 1923 C. F. Brtp 
Washington, State College of, Pullman, Wash. 1930 E. A. Enestrom 
Washington, Univ. of, Seattle, Wash. 1917 A. M. Scroaes 
Washington Univ., St. Louis, Mo. 1911 J. A. TorepTMan 
West Virginia Univ., Morgantown, W.Va. 1922 A. H. Rircuie 
Wisconsin, Univ. of, Madison, Wis. 1909 W. A. MrrcHeLu 
Worcester Polytechnic Inst., Worcester, Mass. 1914 O. A. Fick, Jr. 
Wyoming, Univ. of, Laramie, Wyo. 1925 Ly.te Bsorn 
Yale Univ., New Haven, Conn. 1910 W. B. 


* Faculty Advisor. 
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Secretary 


D. C. McSor.iey 
R. S. WANGELIN 
W. A. LIEN 

A. E. Britt 

H. L. GeRwIN 
MELVIN YEDLIN 
G. Corry McDona.p 
E. G. 
GENEVIEVE WINES 
R. H. FrRoHBOESE 
G. K. HENDERSON 
B. S. MaTTrHEws 
HERBERT KUNEN 


SAMUEL NooGER 
E. 8S. NEWBERGER 


M. E. STEINFELD 
M. C. BRENNAN 
J.S. 
ALPHENS FORSMAN 
Gorpbon EBBE 
R. B. DRINKWATER 
J. B. Buack, Jr. 
F. E. Kesicke 
I. 
K. C. DEEMER 
G. O. TurRILL 
B. B. Wess 
E. H. Moore 
CHESTER JEDRZIEWSKI 
J. L. QuIGLEY 
R. L. FrREEBURG 
F. W. 
R. H. Burrovess, Jr. 
J. M. MenpeEz Esteves 
C. E. CLuTTER 
J. M. Fiske 
R. F. Hutu 
L. F. WoLFrRaAM 
J. A. GREENLAND, JR. 
B. J. LAZANSKY 
F. P. Gomes 
BALLARD CONE 
W. WALKER 
. L. Moors 
A. LINDSAY 
E. DENZLER 
F. CorFin, JR. 
J. TAYLOR 
C. STUDLEY 
. W. CLARK 
LESTER MUELLER 
). 
OTTER 
. BLANCHARD, JR. 
. STERN, JR. 
. Lee 


H. T. MacKay 
J. E. WALLACE 
C. A. RENFREW 
A. J. Crrrito 

P. D. 

O. E. 
Ray ANDERSON 
J. P. Liprau 
Davip HASSEMER 
H. M. Loria 

D. T. DoBproGowskI 
B. H. 


ABRAHAM TRACHTENBERG 


S. S. Boarp, Jr. 


Honorary Chairman 


H. B. Drrxs 

H. E. KEELER 

J. J. RYAN 

O. D. N. VARNADO 
A. J. MILes 

R. L. Scoran 
Eric THERKLESEN 
N. H. BARNARD 
F. H. 

F. D. Carvin 

J. J. Urcker 

M. E. Farris 

. B. Smita 


E. Gus 
K. Te1cHMANN* 


E. Gus 

G. ForneEs 
G. Horerer 
W. ANDERSON 
J. DIAKOFF 
J. FERRETTI 

. S. PHILBRICK 
A. MacLean 
A. NEEDY 

R. 
M. LEONARD 
E. AMBROSIUS 
H. GraF 

L. ALLEN 

H. Cooaan, Jr. 
J. Tracy 

B. DaLE 

. E. SorENSON 
. A. STEPANI 


R. M. Matson 


. 

H. E. DEGLER 

W.G. McInrosH 
Epe@ar MacNavuGHTon 
J. K. Mayer 

R. D. Baker 


P. J. Kinrer 
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HoFrrMaNn 
G. K. PALsGROvVE 
E. L. CarPENTER 
J. H. Pounp 
N. P. BatLey 
A. L. Lonpon 
R. E. 
N 
J. I. YELLorr 
G. B. THom 
S. T. Hart 
J. A. Switzer 
V. M. Farres 
R. 
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TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


Special Research Committees 


H. A. JoHnson (1938) 
L. W. WaA.tace (1940) 


STANDING COMMITTEE 
N. E. Funk, Chairman and Representative on the Council (1939) 


ArticLeE B6A, Par. 24: The Standing Committee on Research 
shall advise the Council on the research work of the Society. 


The first Standing Committee on Research was organized in 1909. | 


E. G. BarLey (1941) 
J. E. GLEason (1942) 


LUBRICATION 


Appointed October, 1915, to investigate the fundamental problems of 
lubrication, to formulate results of investigations pre- 
viously made, and to keep in touch with contemporary 
research in this field 


(Reorganized May, 1936) 


G. B. Kare.itz, Chairman RayMOND HasKELL 


S. J. Ngeeps, Secretary M. D. Hersey 
A. L. BEALL B. F. HunTER 
Oscar BRIDGEMAN G. L. NEELY 
W. E. CamMpBELL B. L. NEWKIRK 
Hans DAHLSTRAND A. E. Norton 
H. A. Everett E. 8S. PEARCE 
A. E. FLowers J. F. 


R. C. GENIESSE ERNEST WoOOLER 


FLUID METERS 


Appointed 1916 to develop the theory of fluid meters of all kinds and 
to report on the best methods for their installation and use 


(Reorganized July, 1926) 


R. J. S. Pigott, Chairman T. H. Kerr 

J. R. Caruton, Secretary M. P. O’BrIEN 
H. 8S. Bean W.S. ParDoE 

S. R. BEITLER E. S. Smiru, Jr. 
R. K. BLANCHARD L. K. Spink 

B. O. BucKLAND R. E. SpRENKLE 
Louis Ggess E. C. M. Stan. 
A. J. Kerr T. R. WeymMoutH 


M. J. Zucrow 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct research on the thermal prop- 
erties of water-vapor and steam from O C to the upper 
limits of temperature and pressure 


(Reorganized April, 1929) 


G. L. Bourne, Chairman Max JAKOB 

W. L. Assort, Vice-Chairman J. H. KEENAN 
H. N. Davis F. G. Keyes 

H. C. Dick1nson L. S. Marks 
ALEx Dow G. A. Orroxk 

A. M. GREENE, JR. R. J. 8. Pigott 
R. C. H. Heck H. V. RasMusseEN 
D. S. Jacosus E. L. Rosinson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting the 
strength and life of gear teeth 


R. E. FLaAnpERs, Chairman 
C. H. Secretary 

C. G. Bartu 

EarLe BucKINGHAM 


A. M. GREENE, Jr. 
C. W. Ham 

F. E. 
E. W. 

ERNEST WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, tool design, lubrication, 
cooling, and speeds and fuels 


CoLEeMAN SELLERS, 3D, Chairman O. W. Boston 
L. N. Gutuick, Secretary R. C. DEALE 
L. P. ALrorp A. L. DeLEEuW 


F. JupKINs 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the status of the mechanical-spring 
art, to promote and conduct necessary and adequate re- 
search, and to develop the art to the point of 
standardization 


J. R. Townsenpb, Chairman D. J. McApam, Jr. 

C. T. EpGerton, Secretary R. E. PETERSON 

C. E. BARBA J. B. ReEYNoLps 

W. G. BROMBACHER J. W. Rockere.ier, Jr. 
R. W. Coox B. W. St. Cian 

W. T. DonkKIN M. F. Sayre 

RuUPEN EKSERGIAN WILLIAMS 

G. E. HANSEN J. K.Woop 


F. P. ZIMMERLI 
O. B. ZIMMERMAN 


BENJAMIN LIEBOWITZ 
Davip Lortrs 


(R. D. Alternate) 


ELEVATORS 


Appointed June, 1924, as a subcommittee of the Sectional Commit- 
tee on Safety Code for Elevators, to study the function and 
operation of elevator safeties and buffers and their as- 
sociated mechanisms and to develop methods of test 
for the approval of elevator safety devices 


D. J. Purtnton, Chairman 

O. P. Cumminas, Vice-Chairman 
J. A. Dickinson, Secretary 
Bassett JONES 


D. L. Linpquist 
M. G. Lioyp 
J. J. Matson 
M. B. McLavurTHLin 
W.S. PaInge 


EFFECT OF TEMPERATURE ON THE PROPERTIES 
OF METALS 


Appointed December, 1924, as a joint research committee of the 
A.S.T.M. and the A.S.M.E. to encourage the investigation 
and accumulation of data on the properties of metals 
used in the mechanic arts at extremely high 
and low temperatures 


H. J. Frencu, Chairman J. R. Freeman, Jr. 
N. L. Mocuet, Vice-Chairman H. W. 

J. W. Botton, Secretary A. J. Herzie 

R. H. ABorN G. F. Jenxs 

W. H. ArmMacost J.J. KANTER 

A. B. BaGsar H. J. Kerr 

A. D. BatLey C. E. MacQuiee 
F. E. Basu P. E. McKinney 
E. 8. Drxon E. L. Rosinson 

F. B. A. E. 
Director, National Bureau of Standards, U.S. Department of 


Commerce 
Representative of Bureau of Engineering, U.S. Navy Department 
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BOILER FEEDWATER STUDIES 


SOCIETY RECORDS 


Appointed March, 1925, as a Joint Research Committee of the 
American Boiler Manufacturers Association, American Rail- 
way Engineering Association, American Water Works 
Association, Edison Electric Institute, the American 


Society for Testing Materials, and the A.S.M.E. 


to study methods of analysis and treatment 
of boiler feedwater for stationary and 
railroad practice 


Executive Committee (Total personnel 42) 
C. H. FELLows, Chairman 

R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 

Epwarp BarTow 
tA. G. CHRISTIE 

R. E. CouGuuin 

Max Hecur 
tC. F. 


CONDENSER TUBES 


W. F. KEENAN, 


P. B. PLace 

F. N. SPELLER 
M. F. Stack 

E. H. TENNEY 

C. P. Van Gunpby 
TA. E. Wuire 
ABEL WoLMAN 


Appointed May, 1925, to investigate and report on the causes of 


failure of tubes used in steam condensers and similar 


A. E. Wuire 


heat interchange apparatus 


Chairman 


Bert HouGuron, Vice-Chairman 


P. A. BANCE 


L 


D. K. CRAMPTON 
H. M. CusHine 

R. E. Ditton 

O. B. J. FRASER 

J. R. FREEMAN, Jr. 


V.M. Frost 


C. F. Harwoop 


C. F. HirsHFELD 


G. C. HoLpER 
H. W. Lerrcu 
E. F. MILLer 
W. B. Price 


M. F. 


STACK 


H. A. STAPLES 
W. R. WessTER 


Director, Bureau of Engineering, U.S. Navy Department 


BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing 
the failure of refractories in various types of installations, to 
subject these factors to detailed experimental analysis, to 

undertake the formulation of suitability tests and, 
necessary, to attempt to develop a suitable refrac- 
tory to meet the needs of severe service 


W. A. Carrer, Chairman 
S. H. BaRNUM 


G. A. BoLe 


M. C. Booze 


W. H. FuLWEILER 


C. B. Grapy 


R. A. HEINDL 
C. F. HirsHretp 
R. K. 


N. E. Lewis 


J. 8. 


(F. A. HARVEY, 


S. J. McDowELu 
Percy NICHOLLS 
S. M. PHELPs 

E. B. Powe. 
A. SHERMAN 

. B. SosMAN 

J. TRosTeL 

. B. WILKES 


QM 


WORM GEARS 


if 


Alternate) 


Appointed May, 1927, to investigate certain problems in connection 
with the action of worm gear drives and to recommend 


improvements in their design, manufacture, and use 


EarRLe Chairman 


G. H. AcKER 


L. R. BucKENDALE 


Representative of Bureau of Engineering, U.S. N 


W.H. Himes 


D. L. Linpquist 


A. A. Ross 


B. F. WATERMAN 


partment 


avy De- 


VELOCITY MEASUREMENT OF FLUID FLOW 


Appointed October, 1927, to sponsor the development of an abso- 


lute method for determining the velocity of the flow of 


fluids by means of the location of nodal points 
in wave systems 


W. F. Duranp, Chairman 


T. R. WeymoutTu 


tOfficial A.S.M.E. representatives serving on this committee. 


JR. 


G. W. MartTIN 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain 
economic laws affecting production, to develop formulas 
for management, and to collect and report information 

on management research 


T. H. Brown 
R. C. Davis 
G. E. HaGEMANN 


W. E. FREELAND, Chairman 
F. E. Raymonp, Secretary 
J. H. BARBER 


ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


W. J. WoHLENBERG, Chairman 
E. G. BaILey 

R. M. Gates 

C. W. Gordon 


E. L. LInpseta 
G. A. Orrok 

R. J. S. Picorr 
JOHN VAN BRUNT 


HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limita- 
tions of anti-friction bearings when applied to roll necks 
of rolling mills 
W. Trinks, Chairman W. R. Cuark 
J. H. Hrrencock, Secretary H. H. Tatsor 
H. E. BRUNNER S. M. WecksTEIN 
H. A. WINNE 


REMOVAL OF ASH AS MOLTEN SLAG FROM 
POW DERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of fluxes as a 
means of increasing the fluidity of slag in boiler furnaces 
and thus permit its removal at operating furnace 
temperatures 
K. M. Irwin, Chairman 
ANDREW CARNEGIE 
T. G. CoGHLAN 
H. M. Cusine 


C. F. 
Percy NICHOLLS 
E. B. PoweLu 
P. B. Rice 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the 
strength of cylindrical and spherical surfaces under 
external pressure, particularly with reference to 
jacketed vessels 


W. D. Hatsgsy, Chairman H. E. SauNDERS 
F. V. HARTMAN E. E. SHANOR 

M. B. F. S. G. W1LLIAMs 
A. W. Jr. D. B. Wesstrom 


D. F. WInDENBURG 


WIRE ROPE 


Appointed April, 1930, to investigate existing rope so 
that it may be better understood and more 
effectively used 
W. H. Futweiter, Chairman 
H. LeR. Brink 
D. L. Linpquist 


A. H. 

B. V. E. NorpBeEr@, Jr. 
W.S. Paine 

W. J. Rran 

C. A. McCune GEorRGE SIMPSON 


L. E. Youne 


CRITICAL PRESSURE STEAM BOILERS 
Appointed June, 1931, to study the characteristics of high-pressure 
forced-circulation steam-generating units 


A. A. Potter, Chairman C. H. FELLows 


W. H. Armacost H. J. Kerr 

A. D. BaILey M. W. LInK 

E. G. G. A. Orrok 

A. G. CHRISTIE H. L. SotBeRG 
F. S. P. W. THompson 
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SAMPLING PULVERIZED FUEL IN A MOVING GAS 
STREAM 


Appointed November, 1932, to investigate the present methods of 
sampling pulverized fuel and to evolve a generally satis- 
factory method that may be adopted as a standard 


K. M. Irwin, Chairman 
F. M. Grsson, Secretary 
JouN BuLIzaARD 

OLLISON CRAIG 

M. D. ENGLE 

C. S. GLADDEN 

A. E. GRuNERT 

R. M. HarRDGROVE 


J. C. Harpiae 

H. J. Kuorz 
HENRY KREISINGER 
J. W. MacKenzir 
W.S. Morrison 
G. B. RANDALL 

R. C. Ror 

E. H. TENNEY 


COTTONSEED PROCESSING 


Appointed December, 1932, to study the mechanical problems 
involved in storing, conditioning, and cooking 
cottonseed meats 


W. R. Woorricn, Chairman 
Homer BARNES 
E. L. CARPENTER 


C. E. GARNER 
B. J. Sams 
R. B. TaYtor 


ASME. Representatives on Other Research Committees 
See also A.S.M.E. Representatives on Other Activities, 
page RI-8 
CORROSION COMMITTEE 


American Society of Refrigerating Engineers 
(To be appointed) 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
W.R. Wesster 


HEAT-TREATMENT OF ROCK DRILL STEELS 
Advisory Board of the Bureau of Standards and Bureau of Mines 
(To be appointed) 


HIGHWAY RESEARCH 


Advisory Board of Division of Engineering and Industrial Research of 
National Research Council 


J. G. BerGauist 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau of Standards 
C. H. 


NATIONAL COMMITTEE ON WOOD UTILIZATION 
Department of Commerce, National Bureau of Standards 
A. E. Hai 
PROPERTIES OF REFRACTORY MATERIALS 
Advisory Committee to the National Bureau of Standards 
E. B. 


WATER FOR INDUSTRIAL USES 


American Society for Testing Materials 
G. D. Bearce 


Standardization Technical Committees 


ARTICLE B6A, Par. 23: 


Association. 


O. A. LEUTWILER (1939) 
W.C. MvELLER (1940) 


STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS (B-1) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee originally organized in June, 1921. 
Reorganized in February, 1929 


A.S.M.E. Members (Total personnel, 41) 


{R. E. Fuanpers, Chairman C. G. HoLMBERG 
Ear.e BuckincuaM, Secretary tA. M. Houser 
E. J. BRYANT H. C. E. Meyer 
G. S. CasE +P. V. MILLER 
T. G. CRAWFORD R. H. Perry 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Scope, Arrangement and Editing of American National 
Standard, R. E. FLANDERS 

No. 2 on Terminology and Thread Specifications, Except Gages, 
C. W. BerrcHEerR 


* Note: All of the standards committees for which the Society is 
sponsor or joint sponsor, or on which it has representation, are 
organized under the procedure of the American Standards Associa- 
tion. 

+Official A.S.M.E. representatives serving on this committee. 


The first Standing Committee on Standardization was organized 
in April, 1911. 


STANDING COMMITTEE 


WALTER SaMans, Chairman and Representative on the Council (1938) 


The Standing Committee on Standard- 
ization shall advise the Council on the dimensional standardization | 
work of the Society, including relations with the American Standards 


A. L. BAKER (1941) 
J. E. Loveny (1942) 


No. 3 on Special Threads and Twelve Pitch Series, Except Gages 

No. 4on Acme and Other Similar Threads, Except Gages, Fare 
BUCKINGHAM 

No. 5 on Screw Thread Gages and Inspection, G. 8. Case 

No. 7 on Wood Screws, ARTHUR Boor 


PIPE THREADS (B-2) 


*Joint sponsorship with the American Gas Association. Sectional 
Committee reorganized May, 1927 
A.S.M.E. Members (Total personnel, 47) 

A. S. MILLER, Chairman W. R. Kremer 
A. F. BREITENSTEIN P. V. MILLER 

E. J. BRYANT F. H. MoreHEAD 
E. S. JR. W. C. Morris 

J. J. Crorry S. F. NewMan 
A. P. DENTON E. 8. SANDERSON 
J. J. HARMAN L. N. SHANNON 
tA. M. Houser W. D. Sizer 

A. H. JARECKI J. H. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 
No. 2 on Taper Pipe Threads, 8S. B. Terry 
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No. 3 on Straight Pipe Threads, A. S. MItter 

No. 4 on Plumbers’ Threads, A. F. BREITENSTEIN 

No. 5 on Screw Threads for Rigid Steel Conduit, James Barton 
No. 6 on Special Threads for Thin Tubes, C. C. WINTER 


BALL AND ROLLER BEARINGS (B-3) 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 17) 


TW. P. Kennepy, Vice-Chairman TG. E. Hutse 

TD. E. BaTEeso.e L. F. NENNINGER 
L. A. CuMMINGS TA. E. Norton 

F. G. Huaues ERNEST WOOLER 


SUBCOMMITTEE 


Annular Ball Bearings 


ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES (B-4) 


*Sole sponsorship. 
June, 1920. 


Sectional Committee originally organized in 
Reorganized in September, 1930 
A.8.M.E. Members (Total personnel, 51) 
tJ. E. Lovery, Chairman 
F. E. BANFIELD, Jr. 
(E. E. Buakg, Alternate) 


F. O. HoaGuanp 
N. E. Jacosi 
WILLIAM JETTER 


F. S. BLacKALL, JR. H. C. E. Meyer 

E. J. BRYANT P. V. MILLER 
TEARLE BucKINGHAM W. C. MvELLER 
TF. H. Cotvin TE. C. Peck 

T. G. CRawFrorpD W. C. ScHOENFELDT 
R. E. W. Harrison C. C. STEVENS 


O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMAN 


No. 1 on Tolerance Systems, R. E. W. HARRISON 


SMALL TOOLS AND MACHINE TOOL ELEMENTS (B-5) 


*Joint sponsorship with the National Machine Tool Builders As- 
sociation and the Society of Automotive Engineers. 
Committee organized September, 1922 


Sectional 


A.S.M.E. Members (Total personnel, 26) 

TW. C. Chairman 

F. O. HoaGLanpn, Vice-Chairman 
J. B. ARMITAGE 

F. 8S. BLacKALL, Jr. 

O. W. Boston 

E. J. BRYANT 

BucKINGHAM 
tF. H. Coivin 


S. A. 
TH. E. Harris 
JoHN Haypock 
J. E. Lovery 
7Stmon MacKay 
TE. R. Norris 
Erik OBERG 

C. W. Spicer 


TECHNICAL COMMITTEE No. 1 ON T-SLOTS 


A.S.M.E. Members (Total personnel, 9) 
Erik Opera, Chairman 
J. B. ARMITAGE 


CADWALLADER, JR. 
TE. R. Norris 


HERMAN CASLER 
S. A. EInstTeIN 
TF. O. HoaGianp 


TECHNICAL CoMMITTEE No. 2 oN Too. Posts AND SHANKS 


A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
F. S. BLACKALL, JR. 


TGRANGER DAVENPORT 
M. E. Lance 


TECHNICAL CoMMITTEE No. 3 ON MACHINE TAPERS 


A.S.M.E. Members (Total personnel, 21) 


F. 8. BLacKALL, Jr., Chairman 
J. B. ARMITAGE 
TE. J. BRYANT 
TEARLE BuckKINGHAM 

F. H. Cotvin 

J. B. 

B. P. Graves 


H. E. Harris 
+F. O. HoaGLanp 
J. H. 
A. H. Lyon 

L. F. NENNINGER 
E. J. PRINDLE 

C. W. Spicer 


SUBGROUP CHAIRMEN 


Steep Tapers Series, S. McMULLAN 
Revision of Slow Taper Standard, E. J. Bryant 
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TecHNICAL CoMMITTEE No. 4 ON SPINDLE NOSES AND COLLETS 
FOR MACHINE TOOLS 


A.S.M.E. Members (Total personnel, 26) 
J. E. Lovey, Chairman 
L. F. NENNINGER, Secretary 
J. B. ARMITAGE 
B. P. GRavEs 
F. O. HoaGLanp 


A. M. JoHNSON 
M. E. Lance 

J. H. MANSFIELD 
H. W. Ruppew 
L. D. SpENcE 


SUBGROUP CHAIRMEN 


No. 1 on Milling Machines, Small and Medium, J. B. ArmitTaGe 

No. 2 on Large Milling Machines, F. B. KAMPMEIER 

No. 3 on Grinding Machine Spindles, H. J. GrirF1Inc 

No. 4 on Cutting Off Machines, W. H. WetcH 

No. 5 on Drilling Machines and Horizontal Boring Machines, S. 
McMu.Lian 

No. 6 on Turning Machines, Including Automatic Screw Machines, 
Lathes, Automatic Lathes, Turret Lathes, and Automatic 
Chucking Machines, J. E. LoveE.y 

No. 7 on Cutting and Hobbing Machines, A. L. Stewart 

No. 8 on Correlation of Counter Proposals for Spindle Noses, J. E. 
LovELy 


TecHNicat CoMMITTEE No. 5 oN MILLING CUTTERS 


A.S.M.E. Members (Total personnel, 20) 
. B. ARMITAGE 
. N. Gopparp 
. H. HoriGcan 


G. L. MARKLAND, JR. 
E. K. Morgan 
TERIK OBERG 


E. D. VaNnciL 


SUBGROUP CHAIRMEN 
No. 1 on Profile Cutters, E. D. Vancin 
No. 2 on Keyways, J. B. ARMITAGE 
No. 3 on Nomenclature, A. C. DANEKIND 
No. 4 on Limits, J. H. Hor1Gan 
No. 5 on Formed Cutters, H. C. HUNGERFoRD 
No. 6 on Hobs, G. L. MarkKLanp, Jr. 
No. 7 on Inserted Tooth Cutters, J. B. ARMITAGE 


TECHNICAL CoMMITTEE No. 6 ON DESIGNATIONS AND WORKING 
RANGES OF MACHINE TooLs 
A.S.M.E. Members (Total personnel, 19) 
JoHn Haypock, Chairman B. P. Graves 
EaRLE BUCKINGHAM J. J. McBripe 
T. H. Doan, Jr. E. R. SmitrH 
TeEcHNICAL CoMMITTEE No. 7 on Twist Sizes 
A.S.M.E. Members (Total personnel, 7) 
W. C. MvELLER, Chairman J. H. HorteGan 
C. W. Spicer 
TECHNICAL CoMMITTEE No. 8 on J1G BUSHINGS 
A.S.M.E. Members (Total personnel, 8) 
J. H. HortGan W. C. MveELLER 
H. E. 
SUBGROUP CHAIRMAN 


Liner Outer Diameters and Tolerances, W. C. MUELLER 


TECHNICAL CoMMITTEE No. 9 on Puncn Press Toots 
A.S.M.E. Members (Total personnel, 16) 


D. H. CHason H. E. Harris 
N. W. DorMan W. C. MUELLER 
H. E. 


TECHNICAL CoMMITTEE No. 10 oN ForMING Toots AND 
HoLpEerRs 


A.S.M.E. Members (Total personnel, 9) 


W. C. MvELLER, Chairman 
HARTMAN 


L. D. 
H. E. 


TECHNICAL No. 11 on Cuucks anp Cuvuck Jaws 


A.S.M.E. Member (Total personnel, 9) 
J. E. Lovety, Chairman 


SUBGROUP CHAIRMAN 


No. 1 on Master Chuck Jaws, J. E. Lovety 
No. 2 on Adapters for Air Cylinders, J. E. Lovety 
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TECHNICAL CoMMITTEE No. 12 on Cut anD GrouND THREAD Taps 


A.S.M.E. Member (Total personnel, 7) 
W. C. MUELLER 


TECHNICAL COMMITTEE No. 13 ON SPLINES AND SPLINED SHAFTS 


A.S.M.E. Members (Total personnel, 16) 
C. W. Spicer, Chairman F. O. HoaGLanpD 
J. B. ARMITAGE J. E. Lovery 
R. E. W. Harrison B. F. WaTERMAN 
SUBGROUP CHAIRMEN 


Machine Tool Splines, R. E. W. Harrison 
Automotive Splines, W. L. Barra 
Involute Splines, F. L. TENNEY 


TrecuHNIcAL ComMitEE No. 14 on E.Lectric WELDING DIES AND 


(Total Personnel, 14) 


TECHNICAL CoMMITTEE No. 16 on Rotatine Toot SHANKS 
A.S.M.E. Members (Total personnel, 18) 


E. J. Bryant, Chairman E. W. Howse 
J. H. Horgan, Secretary W. C. MUELLER 
J. B. H. E. 


(T. F. Grruens, Alternate) 
TECHNICAL COMMITTEE No. 17 ON NOMENCLATURE FOR SMALL 
Toots AND MacHINE ELEMENTS 


A.S.M.E. Members (Total personnel, 15) 


O. W. Boston, Chairman 
F. S. BLacKALL, JR. 


F. H. 
H. E. Harris 
F. O. HoaGLanp 


Ex-Officio Members 


C. R. ALDEN W.C. MUELLER 
A. N. Gopparp C. W. Spicer 
B. P. Graves H. E. 


TECHNICAL CoMMITTEE No. 18 ON MULTIPLE SPINDLE 
DRILLING HEADS 


A.S.M.E. Member (Total personnel, 9) 
H. E. 
TECHNICAL CoMMITTEE No. 19 oN SINGLE Point CutTtTina TooLs 
A.S.M.E. Members (Total personnel, 2 
F. H. Cotvin, Chairman O. W. Boston, Secretary 
TECHNICAL CoMMITTEE No. 20 on REAMERS 
A.S.M.E. Members (Total personnel, 16) 


W. C. MuELuiER, Chairman O. C. CROMWELL 
E. J. BRYANT T. F. GirHens 
F. H. Cotvin J. H. HortGan 
H. E. 
GEARS (B-6) 


*Joint sponsorship with the American Gear Manufacturers Associa- 
tion. Sectional Committee organized June, 1921 


A.S.M.E. Members (Total personnel, 31) 


B. F. WATERMAN, Chairman D. T. HaMILTon 
EARLE BuckinGcHam, Vice-Chairman M. R. Hanna 

G. H. AcKER +O. A. LEuTWILER 

L. H. Fry G. L. MaRKLAND, Jr. 
C. B. Hamiuton, Jr. H. E. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Program, B. F. WaTERMAN 

No. 2 on Editing Reports, B. F. WATERMAN 

No. 3 on Nomenclature, D. T. Ham1tton 

No. 4 on Tooth Form (Spur Gears), U. 8S. EBERHARDT 
No. 5 on Helical Gears, W. P. ScuMITTER 

No. 6 on Worm Gears, T. R. RipEout 

No. 7 on Bevel Gears, F. L. KNow.es 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


No. 8 on Materials, C. B. HaMILTon, JR. 
No. 9 on Inspection, J. P. BrEvER 
No. 10 on Horsepower Rating, EARLE BucKINGHAM 


PIPE FLANGES AND FITTINGS (B-16) 


*Joint sponsorship with the Heating, Piping, and Air Condition- 
ing Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 


A.S.M.E. Members (Total personnel, 54) 


tC. P. Buss, Chairman L. H. Jenks 

J. J. HARMAN, Secretary JoHN KNICKERBACKER 
TL. W. Benorr M. B. 
A. L. Brown F. H. MorenEAD 
W. R. Conarp TE. L. MorELaAnD 
SaBIn CROCKER tW. S. Morrison 
FERDINAND FINK L. 8S. Morse 

H. E. Hauer WALTER SAMANS 
J.S. Hess Lupwia Skoa 

tH. A. Horrer tJ. R. TANNER 

E. L. Hopprne J. H. Taytor 

A. M. Houser H. L. UNDERHILL 
D. S. Jacosnus G. W. Warts 

J. H. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Cast Iron Flanges and Flanged Fittings, A. M. Houspr 

Ne. 2 on Screwed Fittings, F. H. Morenreap 

No. 3 on Steel Flanges and Flanged Fittings, C. P. Buiss 

No. 4 on Materials and Stresses, A. M. Houser 

No. 5 on Face to Face Dimensions of Ferrous Flanged Valves, 
J. R. TANNER 

No. 6 on Malleable Iron or Steel Brass Seat Unions, C. P. Buiss 

No. 7 on Rating of Pipe Fittings 

No. 8 on Marking of Pipe Fittings, W. S. Morrison 

No. 9 on Port Openings, W. W. HupBaRD 


SHAFTING (B-17) 


*Sole sponsorship. Organized October, 1918 


A.S.M.E. Members (Total personnel, 14) 
+C. M. CuapMan, Chairman H. C. E. Meyer 
tA. A. ADLER L. C. Morrow 
E. E. Greve C. W. Spicer 
+G. N. Van 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Shafting Dimensions, L. W. WiLLIAMs 
No. 2 on Stock Key Sizes 

No. 3 on Code for Design of Transmission Shafting 
No. 4 on Taper Keys, J. E. BusHNELL 

No. 5 on Woodruff Keys, L. C. Morrow 


BOLT, NUT AND RIVET PROPORTIONS (B-18) 


* Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 


A.S.M.E. Members (Total personnel, 56) 

tA. E. Norton, Chairman H. P. Frear 

H. E. HERMAN 

F. C. BILuines S. F. NewMan 

B. G. BRraIne R. J. WHELAN 

(D. L. Bratne, Alternate) E. M. 

ELtwoop BuRDSALL V. R. 

G. 8. (J. J. McBring, Alternate) 
T. G. CrawFrorpD O. B. ZimMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Large and Small Rivets, H. N. WALLIN 

No. 2 on Wrench Head Bolts and Nuts, T. D. Ruppock 

No. 3 on Slotted Head Proportions 

No. 4 on Track Bolts and Nuts 

No. 5 on Round Unslotted Head Bolts (Carriage Bolts) 

No. 6 on Plow Bolts, O. B. ZIMMERMAN 

No. 7 on Body Dimensions and Materials 

No. 8 on Nomenclature, G. S. Case 

No. 9 on Socket Head Cap and Set Screws, HERMAN KogEsTER 
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PLAIN AND LOCK WASHERS (B-27) 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized August, 1925 
A.S.M.E. Members (Total personnel, 40) 
EuGENE CALDWELL J. J. McBrive 
T. G. Crawrorp H. C. E. Meyer 
TB. 8. Lewis E. H. Warina 
C. H. Lourrer E. M. 
O. B. ZimMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plain Washers 
No. 2 on Lock Washers, C. H. Lourren 


TRANSMISSION CHAINS AND SPROCKETS (B-29) 


*Joint sponsorship with the Society of Automotive Engineers and the 
American Gear Manufacturers Association. Sectional 
Committee organized September, 1917. Reorganized 
December, 1926 


A.S.M.E. Members (Total personnel, 15) 


W. J. Beccuer tL. V. Lupy 
tF. V. Herzer D. B. Perry 
Joseprx Joy G. A. Youne 


O. B. ZIMMERMAN 


CODE FOR PRESSURE PIPING (B-31) 
*Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 93) 


E. B. Ricketts, Chairman G. W. Martin 


R. E. Bryant H. C. E. Meyer 
H. C. Cooper J. W. Moore 
D. H. Corey (J. D. Capron, Alternate) 
W. W. CrawFrorp F. H. Moreneap 
SaBIN CROCKER H. H. MorGan 

(J. H. WALKER, Alternate) L. S. Morse 
H. D. Epwarps A. W. MouLpErR 
CHARLES FITzGERALD E. W. Norris 
E. R. C. W. OBERT 
V. M. Frost G. A. OrroxK 
T. W. GREENE A. L. PENNIMAN, JR. 
H. E. Hauer tC. S. Rosrnson 
H. D. Hausry G. W. SAATHOFF 
J. J. HARMAN G. K. SauRWEIN 
J.S. Have Lupwie SkoG 


(E. B. Severs, Alternate) H. 8. Smita 

H. A. Horrer (H. H. Moss, Alternate) 
G. G. Houiins F. N. SPELLER 

E. L. Hoprine J. R. TANNER 
tA. M. Houser J. H. Taytor 
tALFRED IpDLES J.H Vance 

D. 8S. Jacospus H. LeR. Wuitney 
T. M. Jasper H. L. WuHITTeMoRE 
G. S. Larsen J. H. 
Epwarp LENz T. F. 

M. B. MacNEILLE G. H. Wooprorre 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope and Editing, San1n Crocker 

No. 2 on Power Piping, ALFRED IDDLES 

No. 4 on Gas and Air Piping, J. 8. Have 

No. 5 on Refrigeration Piping, A. H. BAER 

No. 6 on Oil Piping, A. D. SANDERSON 

No. 7 on Piping Materials and Identification, F. H. MoreEHEAD 
No. 8 on Fabrication Details, Lupwie SkoG 

No. 9 on Code for District Heating Piping, D. S. Borpen 


WIRE AND SHEET METAL GAGING SYSTEMS (B-32) 
*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized November, 1927 
A.S.M.E. Members (Total personnel, 27) 


tF. W. Hottanp J. F. Howe 


SvuBCOMMITTEE CHAIRMEN 


No. 1 on Flat Stocks 
No. 2 on Wires and Rods 
No. 3 on Tubing, Piping, Conduit and Casing, F. H. NULLMEYER 


SCREW THREADS FOR HOSE COUPLINGS (B-33) 
*Sole sponsorship. Sectional Committee organized August, 1928 


A.S.M.E. Members (Total personnel, 28) 
A. L. Brown, Secretary J. J. HARMAN 
TA. F. a (F. C. Ernst, Alternate) 
J. J. Crorr A. M. Houser 
H. C. E. MEYER 
J. H. 


W. Conriss 
TW. E. 
SUBCOMMITTEE CHAIRMEN 


No. 1 to Draft Recommended Specifications, J. H. HowLanp 
No. 2 on Basic Thread Dimensions, D. R. MILLER 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING (B-36) 


*Joint sponsorship with the American Society for Testing Materials. 
Sectional Committee organized April, 1928 


4.S.M.E. Members (Total personnel, 43) 
H. H. Morean, Chairman H. C. E. Meyer 
SaBIN Secretary F. H. Moreweap 
H. E. Aupric# TH. B. OaTLEY 
E. L. Hoppine tLupwie Skoe 
(A. B. Mor@an, Alternate) F. N. SPELLER 
tA. M. Houser J. R. TANNER 
tD. S. Jacosus A. E. Waite 
S. Cuark, Alternate) H. LER. Watney 
G. H. Wooprorre 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan, Scope and Editing, H. H. Morgan 

No. 2 on Pipe and Tubing for Low Temperature Service, J. J. Suu- 
MAN 

No. 3 on Pipe and Tubing for High Temperature Service, J. R. 
TANNER 

No. 4 on Materials, F. H. MoreHEeAp 


PRESSURE AND VACUUM GAGES (B-40) 
*Sole sponsorship. Sectional Committee organized July, 1930 


A.S.M.E. Members (Total personnel, 45) 


M. D. ENGLE, Chairman W. F. Jones 
tA. W. LENDEROTH, Secretary R. J. Kent 

E. J. BRYANT tJ. C. McCune 
TJ. P. CAVANAUGH A. H. MorGan 


Pau. DISERENS H. B. ReyNoups 


W. C. ScHOENFELDT 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope, M. D. ENGLE 

No. 2 on Definitions, C. F. Scawep ; 

No. 3 on Gage Sizes and Mounting Dimensions, H. B. ReyNoips 
No. 4 on Accuracy and Test Methods, O. J. HopGe 


STOCK SIZES, SHAPES AND LENGTHS FOR HOT AND = 
COLD FINISHED IRON AND STEEL BARS (B-41) bs 


*Sole sponsorship. Sectional Committee organized April, 1929 


A.S.M.E. Members (Total personnel, 27) 
F. H. DecHANT G. H. Wooprorre 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Hot Rolled Steel, Henry Wysor 
No. 2 on Cold Finished Steels, L. E. Cre1gHton 


No. 3 on Hot Rolled Iron, G. H. Wooprorre 
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SPECIFICATIONS FOR LEATHER BELTING (B-42) 
*Sole sponsorship. Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 27) 
H. T. Coates J. E. 
TR. W. Drake G. A. SCHIEREN 
Kine HaTHAwAy TC. O. STREETER 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Standard Specifications, R. C. BowKER 
No. 2 on Recommendations for Selection, Care and Installation, 
G. A. SCHIEREN 


MACHINE PINS (B-43) 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized, March, 1926 
A.S.M.E. Members (Total personnel, 17) 


+M. E. Steczynsk1, Chairman J. J. McBripe 
TE. J. BRYANT H. C. E. MEYER 
O. B. ZIMMERMAN 


SUBCOMMITTEES 


No. 1 on Straight, Taper and Dowel Pins 
No. 2 on Split Pins 


FOUNDRY EQUIPMENT AND SUPPLIES (B-45) 


*Joint sponsorship with the American Foundrymen’s Association. 
Sectional Committee organized February, 1931 
A.S.M.E. Members (Total personnel, 23) 
E. S. Carman, Chairman F. W. HERENDEEN 
E. W. A. S. PHELpPs 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 
No. 1, L. M. SHERWIN 
No. 2, E. S. CaRMAN 
No. 3, A. S. PHELPS 


CLASSIFICATION AND DESIGNATION OF SURFACE 
QUALITIES (B-46) 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized May, 1932 


A.S.M.E. Members (Total personnel, 64) 


J. R. Weaver, Chairman F. V. HARTMAN 
E. J. ABBOTT F. O. HOAGLAND 
E. J. BRYANT H. J. Hoirzctaw 
JoHN CETRULE R. T. Kent 

T. G. CRAWFORD H. J. Kurtz 
TR. C. DEALE A. H. Lyon 

U. S. EBERHARDT M. J. REED 

S. A. EINSTEIN F. C. SPENCER 
R. F. Gace C. C. STEVENS 
W. W. GILBERT J.S. TAWRESEY 
J. J. HARMAN C. H. WHITAKER 
+R. E. W. Harrison ERNEST WoOOLER 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Surfaces Produced by Tools and Abrasives, JoHN CETRULE 

No. 2 on Surfaces Produced by Molds, Dies, Rolls or Any Other 
Means of Deforming Materials 

No. 3 on Coated Surfaces, G. B. HoGaBoom 

No. 4 on Symbols for Indicating Surface Quality on Drawings, T. G. 
CRAWFORD 

No. 5 on Ways, Means, and Apparatus for Measuring Quality of 
Surface, J. R. WEAVER 

No. 6 on Finance, R. E. W. Harrison 


COMBUSTION SPACE FOR SOLID FUELS (B-50) 
*Sole sponsorship. Sectional Committee organized June, 1933 


A.S.M.E. Members (Total personnel, 21) 
C. E. Bronson, Chairman TV. G. Leacu 
W. G. CHrIsTy T. A. MarsH 
JoHN HUNTER J. F. McIntire 
A. J. JoHNSON R. H. Rowtanp 
tJoun Van Brunt 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 
No. 2 on Combustion and Design, T. A. Mars 
No. 3 on Warm Air Furances, J. H. MANNY 
No. 4 on Steel Heating Boilers, W. B. Russeuu 
No. 5 on Cast Iron Boilers, J. F. McINtTrRE 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 
(A-13) 


*Joint sponsorship with the National Safety Council. 
Committee organized June, 1922 


A.S.M.E. Members (Total personnel, 37) 


Sectional 


A. A. ADLER H. L. Miner 
E. E. ASHLEY TW. S. Morrison 
W. L. BUNKER H. S. SmitrH 


Crossy 
E. L. Hopprne 


F. N. SPELLER 
FRANK THORNTON 


SUBCOMMITTEE CHAIRMEN 


Identification by Colors 
Classification, Crospy Fre_p 


Identification Markings Other Than Color, W. S. Morrison 


MINIMUM REQUIREMENTS FOR PLUMBING AND 
STANDARDIZATION OF PLUMBING EQUIPMENT (A-40) 


*Joint sponsorship with the American Society of Sanitary Engineering. 
Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 46) 
A. M. Houser 
G. W. Martin 


(A. H. Moraan, Alternate) 
+W. R. WeBsTER 


J. J. Crorry 
J. F. CARNEY 
O. E. GoLpscHMIDT 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Minimum Requirements for Plumbing, W. C. GRoENIGER 

No. 2 on Staple Vitreous China Plumbing Fixtures, E. S. A1rrk1n 

No. 3 on Staple Porcelain (All Clay) Plumbing Equipment, E. 8. 
AITKIN 

No. 4 on Enameled Sanitary Ware, A. H. Cuing, JR. 

No. 5 on Traps, A. R. McGoneGau 

No. 6 on Brass Plumbing Products, J. L. Murruy 

No. 7 on Brass Fittings for Flared Copper Tubes, F. L. RiaGin 

No. 8 on Cast Iron Soil Pipe and Fittings, J. J. Crorry 

No. 9 on Gasoline, Oil, and Grease Separators, J. J. Crorry 

No. 10 on Threaded Cast Iron Pipe and Fittings for Drainage and 
Pressure Purposes 

No. 11 on Soldered Fittings for Tubing, A. M. Houser 


ELECTRIC MOTOR FRAME DIMENSIONS (C-28) 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 32) 


C. A. ADAMS W. F. Jones 

S. A. P. G. Ruoaps 
E. W. tA. G. TRUMBULL 
F. S. ENGLISH TE. H. Warina 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES (C-44) 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized March, 1929 


A.S.M.E. Members (Total personnel, 18) 


TE. J. Bryant A. B. MorGan 
TEARLE BucKINGHAM TE. S. SANDERSON 


LETTER SYMBOLS AND ABBREVIATIONS FOR SCIENCE 
AND ENGINEERING (Z-10) 


*Joint sponsorship with the American Association for the Advancement 
of Science, American Institute of Electrical Engineers, American 
Society of Civil Engineers, and the Society for the Promotion 
of Engineering Education. Sectional Committee organized 
January, 1926. Reorganized October, 1935 
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SOCIETY RECORDS 


A.S.M.E. Members (Total personnel, 36) 
S. A. Moss, Vice-Chairman K. H. Conpir 
R. M. ANDERSON TR. J. S. Picorr 
(E. P. Warner, Alternate) (tS. R. Berrier, Alternate) 
FRANK THORNTON, JR. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Letter Symbols and Signs for Mathematics, A. A. BENNETT 

No. 2 on Symbols for Hydraulics, J. C. Srevens 

No. 3 on Symbols for Mechanics, R. E. Peterson 

No. 4 on Symbols for Structural Analysis, ALBERT HAERTLEIN 

No. 5 on Symbols for Heat and Thermodynamies, 8. A. Moss 

No. 6 on Symbols for Photometry, E. C. CrirrenpEN 

No. 7 on Aeronautical Symbols 

No. 8 on Symbols for Electric and Magnetic Quantities, J. F. MEYER 

No. 9 on Symbols for Radio, H. M. TurRNER 

No. 10 on Symbols for Physics, H. K. Hucues 

No. 11 on Abbreviations for Engineering and Scientific Terms, G. A. 
STETSON 


DRAWINGS AND DRAFTING ROOM PRACTICE (Z-14) 
*Joint sponsorship with the Society for the Promotion of Engineering 
Education. Sectional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 53) 
DeR. Furman, Chairman ALFRED IDDLES 


W. Kevurre., Secretary tSaMvUEL KetcuuM 
G. CRAWFORD F. R. LANEY 
C. FLETCHER H. B. LANGILLE 


P. FREAR MICHEL 


E. FRENCH F. W. Mine 
C. HARPER E. B. 
R. J. W. Owens 


> 


M. Houser F. C. PANUSKA 


TE. S. Smitu, Jr. 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Specifications for Paper and Cloth, A. A. CopurNn 
No. 2 on Method of Indicating Dimensions 

No. 3 on Lettering, T. G. Crawrorp 

No. 4 on Layout, BAKER 

No. 5 on Line Work, Samuet Ketcuum 

No. 6 on Graphical Symbols on Drawings, T. E. Frencu 
Editing Committee, T. E. Frencu 


GRAPH'C PRESENTATION (Z-15) 


*Sole sponsorship. Sectional Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 32) 

H. G. Crocketr 
T. E. Frencu 
+D. B. Porter 


TG. E. HaGemMann, Secretary 
C. M. 
WALLACE CLARK 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope 

No. 2 on Terminology 

No. 3 on Preferred Practice in Graphic Presentation, A. H. RicHarp- 
SON 

No. 4 on Engineering and Scientific Graphs, W. A. SHEWHART 


SPEEDS OF MACHINERY (Z-18) 


*Sole sponsorship. Sectional Committee organized May, 1928 


A.S.M.E. Members (Total personnel, 31) 
tC. M. BigeLow D. C. Jackson 
J. F. Daceetr H. C. E. Meyer 
tR. C. DEALE Joun REID 
DIsERENS P. G. Rwoaps 
F. 8S. ENGLisH F. C. SPENCER 
O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope, A. E. Hatu 
No. 2 on Questionnaire and Canvass to Industry, F. 8S. ENGLIsa 
No. 3—Special Reviewing Committee 


RI-29 


GRAPHICAL SYMBOLS AND ABBREVIATIONS 
ON DRAWINGS (Z-32) 


*Joint sponsorship with American Institute of Electrical Engineers. 
Sectional Committee organized April, 1936 


A.S.M.E. Members (Total personnel, 55) 


E. E. ASHLEY A. M. Houser 
(JoHn JAMES, Alternate) (J. J. HARMAN, Alternate) 
J. M. BARNES I. J. KARASSIK 
tT. E. Frencu L. L. MunIER 
D. T. HaMILTon J. W. Owens 
F. W. TF. C. PanusKa 
M. J. Reep 
T. R. THomas 


FOR USE 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical Engineering, T. E. FrRenNcu 
No. 2 on Symbols for Use in Electrical Engineering, H. W. Samson 
No. 3 on Transportation Symbols, A. M. BLANCHARD 


SHAFT COUPLINGS 
Appointed in December, 1928 


A.S.M.E. Members (Total personnel, 6) 
D. J. McCormack, Chairman H. G. Reist 
R. A. McCarty R. E. B. SHarp 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


Joint sponsorship with the American Society for Testing Materials. 
Appointed in December, 1929 
A.S.M.E. Members (Total personnel, 5) 
W. H. TL. K. Sttucox 


A.S.ME. Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E. Representatives on Other Activities, page RI-8 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 
*Sponsor body: 
E. E. Free 
(P. H. Brtyvuser, Alternate) 
W. B. Waite 
(H. 8S. Reap, Alternate) 


Acoustical Society of America 


R. V. Parsons 
(J. S. ParKINSON, Alternate) 


AMERICAN MARINE STANDARDS COMMITTEE 


Advisory Committee of Department of Commerce 
J. W. Gray (H. W. Brown, Alternate) 


BUILDING CODE COMMITTEE 


Advisory Committee of Department of Commerce 
THORNTON LEwIs 


BUILDING CODE REQUIREMENTS FOR LIGHT AND 
VENTILATION 


Federal Housing Administration and U.S. Public 
Health Service 


F. R. ScHERER 


*Sponsor bodies: 


CLASSIFICATION OF COAL 


American Society for Testing Materials 
E. G. BaILey 


*Sponsor body: 


DRAINAGE OF COAL MINES 
*Sponsor body: American Mining Congress 


O. M. Pruitt 
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TRANSACTIONS OF THE A.S.M.E. FEBRUARY, 1938 


ELECTRIC WELDING PREFERRED NUMBERS 


*Sponsor bodies: American Institute of Electrical Engineers and the *Special Committee of A.S.A. 
National Electrical Manufacturers Association K. H. Conpit 


(To be appointed) 
ROTATING ELECTRICAL MACHINERY 


ELECTRICAL DEFINITIONS 
*Sponsor bodies: American Institute of Electrical Engineers and 
*Sponsor body: American Institute of Electrical Engineers National Electrical Manufacturers Association 
C. H. Buray H. R. Seweut (C. A. Boorn, Alternate) 


FIRE TESTS OF BUILDING CONSTRUCTION AND 


MATERIALS SPECIFICATIONS FOR CAST IRON PIPE 
*Sponsor bodies: A.S.A. Fire Protection Group, National Bureau of | *Sponsor bodies: American Gas Association, American Society for 
Standards, and the American Society for Testing Materials Testing Materials, American Water Works Association, National 
Electrical Manufacturers Association 
G. W. Biaes J. E. Gipson 


FOREST FIRE PROTECTION 


Committee of National Fire Protection Association SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


E. H. Davis *Sponsor body: American Institute of Mining and Metallurgical 
Engineers 
MANHOLE FRAMES AND COVERS R. A. SHERMAN (E. L. Linpsetu, Alternate) 
*Sponsor bodies: A.S.A. Telephone Group and American Society of 
Civil amma “ SPECIFICATIONS FOR FUEL OILS 
ANTON HANSEN Homer RvuparpD *Sponsor body: American Society for Testing Materials 
W.H. L. H. Morrison 
MARKING OF OBSTRUCTIONS TO AIR NAVIGATION Harte Cooke Lue Scunerrran 
*Joint committee between aviation interests and combined utility interests H.W. Dow Denistoun Woop 


J. E. Wuirseck (JEROME LEDERER, Alternate) 
SPECIFICATIONS FOR MATERIALS FOR USE IN 


METHODS OF RATING RIVERS MANUFACTURE OF SPECIAL TRACKWORK 
*Sponsor body: U.S. Geological Survey *Sponsor body: American Transit Association 

D. W. MEap W. R. 
METHODS OF TESTING WOOD SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 


*Sponsor bodies: U.S. Forest Service and the American Society for IN THE USE OF WIRE ROPE FOR MINES 
Testing Materials *Sponsor body: American Mining Congress 
C. M. BicELow J. L. HARRINGTON 
MISCELLANEOUS OUTSIDE COAL-HANDLING SPECIFICATIONS FOR SIEVES FOR TESTING PURPOSES 


: he *Sponsor bodies: American Society for Testing Materials and 
*Sponsor body: American Mining Congress National Bureau of Standards 


(To be appointed) D. McM. BiackBURN 


PETROLEUM PRODUCTS AND LUBRICANTS 
*Sponsor body: American Society for Testing Materials 


SPECIFICATIONS FOR TOOL STEEL 
Subcommittee No. XIV of A.S.T.M. Committee Al on Stecl 


G. B. W. F. ParisH 
(H. J. Masson, Alternate) (S. J. Nneps, Alternate) O- W. Boston C. M. InMAN 
PETROLEUM SPECIFICATIONS VOLUME WATER HEATING 
Advisory Board of U.S. Bureau of Mines Sponsor body: American Gas Association 


H. A. 8S. Mark ReSEK 
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SOCIETY RECORDS 


Safety Technical Committees 


ArtTIcLE B6A, Par. 25: The Standing Committee on Safety 
shall advise the Council on the activities of the Society having to do 
with engineering and industrial safety, except the activities of the 
Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 
J. B. Coatmers, Chairman and Representative on the Council (1939) 


H. L. Miner (1938) 
D. L. Royer (1940) 


T. F. Hates (1941) 
A. W. Luce (1942) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMISSION 
APPARATUS (B15) 


*Joint sponsorship with the International Association of Industrial 
Accident Boards and Commissions, National Conservation Bureau 
of Association of Casualty and Surety Executives. Sectional 
Committee organized February, 1921 


A.S.M.E. Members (Total personnel, 33) 
P. G. Ruoaps, Secretary W. W. NicHoLs 
tL. A. W.S. Paine 
C. C. Foster TD. C. Wricut 
W. J. HAMILTON (tG. N. VanDERHOEF, 
M. NaYLor Alternate) 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Detail Classification of Belts 

No. 2 on Modification of Rule 223 for Cone Pulley Belts 

No. 3 on Mechanical Power Control 

No. 4 on Use of ASA Code versus State Codes, L. A. DEBLors 
No. 5 on Statistics on Place of Occurrence of Accidents 


SAFETY CODE FOR ELEVATORS (A17) 

Joint Sponsorship with the American Institute of Architects and the 
National Bureau of Standards. Sectional Committee organized 
November, 1922 
A.S.M.E. Members (Total personnel, 41) 

O. P. CumMmiINGs, Vice-Chairman 
C. R. CALLAWAY 
L. 
TBassetr Jones 


D. L. Linpquist 
+N. O. Linpstrom 
M. B. McLAvTHLIN 
W.S. PaIne 


SUBCOMMITTEE CHAIRMEN 


Research, Recommendations, and Interpretations, D. J. PuRINTON 
Inspectors’ Handbook, K. A. CoLAHAN 

Elevator Systems Safe Against Fire, W. S. PaIne 

Interlocks and Hoistway Enclosures, B. Jones 


SAFETY CODE ON COMPRESSED AIR MACHINERY AND 
EQUIPMENT (B19) 

*Joint sponsorship with the American Society of Safety Engineers— 
Engineering Section, National Safety Council. Sectional 
Committee organized May, 1923 
A.S.M.E. Members (Total personnel, 25) 


D. L. Royrser, Chairman W. J. GRAVES 
H. D. Epwarps tH. H. Jupson 


SAFETY CODE FOR CONVEYORS AND CONVEYING 
MACHINERY (B20) 
*Joint sponsorship with the National Conservation Bureau of the 
Association of Casualty and Surety Executives. Sectional 
Committee organized November, 1925 


A.S.M.E. Members (Total personnel, 46) 


D. L. Royer, Chairman W.S. Paine 
C. T. CoLLey C. G. PFEIFFER 
W. J. GRAVES R. B. RENNER 
TM. A. F. J. SHEPARD, JR. 
({N. W. Exmer, Alternate) STANIAR 
P. T. ONDERDONK G. R. WaDLEIGH 


J.G. WHEATLEY 


SUBCOMMITTEE CHAIRMEN 


No. 1 on All Types of Chain Conveyors, Belt Conveyors, Belt Ele- 
vators including Steel Belt, and Screw, Track or Scraper Con- 
veyors 

No. 2 on Gravity Conveyors and Chutes, Live Roll Conveyors 

No. 3 on Cable-Operated and Cable Flight Conveyors and Cableways 

No. 4 on Air, Steam, or Liquid Conveyors, J. J. McNutta 

No. 5 on Tiering, Piling, and Stacking Conveyors 


SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS 
(B30) 


*Joint sponsorship with U.S. Navy Department, Bureau of Yards and 
Docks. Sectional Committee organized November, 1926 
A.S.M.E. Members (Total personnel, 52) 


B. F. Triuson, Secretary 
W. D. KELLER 
tLewis Price 


F. H. ScHwWERIN 
+R. H. Wurre 

H. L. 
SUBCOMMITTEE CHAIRMEN 


No. 1 on Overhead and Gantry Cranes, R. H. WH1TEe 

No. 2 on Locomotive and Tractor Cranes, H. H. VERNON 

No. 3 on Derricks and Hoists, Lewis Price 

No. 4 on Miscellaneous Equipment for Cranes and Hoists, L. W 
HopkKINs 

No. 5 on Jacks, E. W. CARUTHERS 


AIRCRAFT SAFETY AND INSPECTION 
A.S.M.E. Committee organized April, 1931 


A.S.M.E. Members (Total personnel, 6) 
JEROME LEDERER, Chairman ALEXANDER KLEMIN 


A.S.M.E. Representatives on Other Safety Committees 


See also A.S.M.E. Representatives on Other Activities, page RI-8 


SAFETY CODE FOR ABRASIVE WHEELS 


*Sponsor bodies: Grinding Wheel Manufacturers Association of 
United States and Canada, and International Association of 
Industrial Accident Boards and Commissions 


(To be appointed) 


SAFETY CODE FOR AERONAUTICS 
*Sponsor body: Society of Automotive Engineers 


(To be appointed) 


SAFETY CODE FOR AMUSEMENT PARKS 


*Sponsor bodies: National Association of Amusement Parks and 
National Bureau of Casualty and Surety Underwriters 


(To be appointed) 


SAFETY CODE FOR CONSTRUCTION WORK 


American Institute of Architects and National Safety 
Council 


*Sponsor bodies: 


C. H. O’Net 
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COOPERATION WITH OTHER ENGINEERING SOCIETIES 
Sponsor body: American Society of Safety Engineers 


H. L. Miner 


A.S.A. SAFETY CODE CORRELATING COMMITTEE 
H. H. Jupson (D. L. Royer, Alternate) 


SAFETY CODE FOR EXHAUST SYSTEMS 
*Sponsor body: International Association of Industrial Accident 
Boards and Commissions 


J. C. HarpIGG T. F. Hatcu 


SAFETY CODE FOR FLOOR AND WALL OPENINGS, 
RAILINGS, AND TOE BOARDS 
*Sponsor body: National Safety Council 
(To be appointed) 


SAFETY CODE FOR FORGING AND HOT METAL STAMPING 


*Sponsor bodies: American Drop Forging Institute and National 


Safety Council 
C. F. Park 


SAFETY CODE ON COLORS FOR IDENTIFICATION OF GAS 
MASK CANISTERS 


*Sponsor body: National Safety Council 
L. C. Licuty 


SAFETY CODE FOR LADDERS 


American Society of Safety Engineers—Engineering 
Section, National Safety Council 
(To be appointed) 


*Sponsor body: 


SAFETY CODE FOR LAUNDRY MACHINERY AND 
OPERATION 


*Sponsor bodies: Laundry Owners National Association, International 
Association of Governmental Labor Officials and National Association 
of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FACTORIES, MILLS, AND 
OTHER WORKS PLACES 


Illuminating Engineering Society 
H. H. Jupson 


*Sponsor body: 


SAFETY CODE FOR LOGGING AND SAW MILL MACHINERY 


*Sponsor body: National Bureau of Standards 
(To be appointed) 


LOW VOLTAGE ELECTRICAL HAZARD 
*Special Committee of the American Society of Safety Engineers— 
Engineering Section, National Safety Council 
J. P. JacKson 


SAFETY CODE FOR MECHANICAL REFRIGERATION 
American Society of Refrigerating Engineers 
O. A. ANDERSON E. W. GaLLENKAMP 


Crossy FIELD W. F. Jones 
(A. W. OakLey, Alternate to all A.S.M.E. Representatives) 


*Sponsor body: 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1938 


SAFETY CODE FOR PAPER AND PULP MILLS 
*Sponsor body: National Safety Council 
R. L. WELDON 


SAFETY CODE FOR POWER PRESSES, AND FOOT AND 
HAND PRESSES 
*Sponsor body: National Safety Council 


J. B. CHALMERS 


SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 


*Sponsor bodies: National Fire Protection Association and U.S. 
Department of Agriculture 
J. H. Morrow R. M. Ferry 
SAFETY CODE FOR PROTECTION OF HEADS, EYES, AND 
RESPIRATORY ORGANS OF INDUSTRIAL WORKERS 


*Sponsor body: National Bureau of Standards 
T. A. Wausn, Jr. (T. F. Hatcn, Alternate) 


SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


American Foundrymen's Association and National 
Founders Association 


H. M. Lane 


*Sponsor bodies: 


SAFETY CODE FOR RUBBER MACHINERY 


*Sponsor bodies: National Safety Council and International 
Association of Industrial Accident Boards and Commissions 


(To be appointed) 


SPECIFICATIONS AND METHODS OF TEST FOR SAFETY 
GLASS 


*Sponsor bodies: National Bureau of Casualty and Surety 
Underwriters and National Bureau of Standards 


T. A. Watsn, Jr. 


SAFETY CODE FOR TEXTILES 
*Sponsor body: National Safety Council 
(To be appointed) 


SAFETY CODE FOR VENTILATION 
*Sponsor body: American Society of Heating and Ventilating Engineers 
(To be appointed) 


SAFETY CODE FOR WALKWAY SURFACES 


*Sponsor bodies: American Institute of Architects and American 
Society of Safety Engineers—Engineering Section, National 
Safety Council 
(To be appointed) 


SAFETY CODE FOR WINDOW WASHING 
*Sponsor body: National Safety Council 
(To be appointed) 


SAFETY CODE FOR WORK IN COMPRESSED AIR 


International Association of Industrial Accident 
Boards and Commissions 


L. J. Erpsen 


*Sponsor body: 
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SOCIETY RECORDS 


Power Test Codes Technical Committees 


ArTICLE B6A, Par. 27: The Standing Committee on 
Power Test Codes shall, under the direction of the Council, 
have supervision of all the activities of the Society in con- 
nection with the A.S.M.E. Power Test Codes, including the 
interpretation of such codes. 

The first Standing Committee on Power Test Codes was 
organized in December, 1918, to revise and ertend the Power 
Test Codes which had been formulated by various technical 
committees appointed to develop particular codes. This work 
began in 1886. 


(1) GENERAL INSTRUCTIONS 
Appointed December, 1918 


C. F. HirsHFELD 
M. C. Stuart 


.H. Kavanauan, Chairman 
M. GREENE, JR. 


P= 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 
Reorganized, 1936 


R. J. S. Picorr, Chairman L. S. Marks 
L. J. Briees F. G. 
W. F. Davipson J. C. SMALLWoop 
S. L. Kerr P. W. Swain 
A. L. A. C. Woop 
(3) FUELS 

Appointed December, 1918 
W. J. WoHLENBERG, Chairman F. G. PuHiLo 
E. G. BaILey G. 8. 
B. L. Boye C. R. RicHarps 
L. P. BRECKENRIDGE E. B. Ricketrs 
H. W. Brooks F. M. RoGers 
S. B. E. X. ScuMiIptT 
D 


. M. Myers NICHOLAS STAHL 


E. N. Trump 
(4) STATIONARY STEAM-GENERATING UNITS 
Appointed December, 1918 


E. R. Fisn, Chairman ALFRED IDDLES 


M. W. BENJAMIN E. L. Linpsetu 
A. D. BatLey E. L. McDonaLp 
B. J. Cross E. B. Powe.u 


P. H. Harpie R. SHELLENBERGER 


R. L. SPENCER 


(5) RECIPROCATING STEAM ENGINES 


Appointed December, 1918 
Reappointed, 1931 


A. G. Curistie, Chairman J. A. Hv 

Harte Cooke H. G. ELLER 

K. S. M. Davipson B. V. E. NorDBERG 
HeENRIK GREGER A. V. SAHAROFF 
Tuomas A. G. WHITTING 


STANDING COMMITTEE 


Francis HopeKkinson, Chairman and Representative on the 
Council (1939) 


A. G. Curistie, Vice-Chairman 
JoHN ALLHUSEN, Junior Observer (1938) 


Term expires 1939 

C. H. Berry 

D. 8S. Jacosus 
FrRANcIS HODGKINSON 
L. F. Moopy 

E. B. Ricketts 


Term expires 1938 
Hans DAHLSTRAND 
Louis E.Luiorr 

G. A. HorRNE 

H. B. REYNOLDS 
E. N. Trump 


Term expires 1940 


A. T. Brown 

P. H. Harpig 

C. F. 
R. J. S. Picotrr 
M. C. Stuart 


Term expires 1941 
A. G. CHRISTIE 
DISERENS 
G. A. Orroxk 

L. A. QUAYLE 

W. M. Waite 


Term expires 1942 
E. R. 


H. B. OaTLey 
W. J. WoHLENBERG 


W. A. CARTER 
HarTE CooKE 


(6) STEAM TURBINES 


Appointed December, 1918 


C. H. Berry, Chairman V. M. Frost 
I. E. Mouttrop, Secretary A. E. GRuNERT 
O. D. H. BENTLEY FRANCIS HODGKINSON 


W. E. CALDWELL S. A. Moss 

C. B. CAMPBELL R. O. MuLLER 
A. G. CHRISTIE T. E. 
Hans DAHLSTRAND C. C. THomas 


G. B. WARREN 


(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 
PUMPS 


Appointed December, 1918 


R. D. Hatt, Chairman J. E. Grpson 
C. H. ANDERSON G. L. KoLuBere@ 
E. H. Brown M. B. MacNEILLE 
J. N. CHESTER D. W. Meap 
L. A. QUAYLE 
(8) CENTRIFUGAL AND ROTARY PUMPS 
Appointed December, 1918 
Reorganized, 1936 
M. B. MacNEILie, Chairman ARVID PETERSON 
H. E. Beckwits F. H. Rocers 
R. L. DAUGHERTY W.C. Rupp 
W. B. GrEGoRY Max SPILLMAN 
R. T. Knapp W. M. Waite 
L. F. Moopy I. A. WINTER 


(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 
BLOWERS 


Appointed December, 1918 
Reappointed, 1929 


A. T. Brown, Chairman P. E. Goop 

E. L. ANDERSON J. J. Gros 

C. A. Bootr H. F. HaGen 
W. H. HorrMan 
THoMas CHESTER H. D. Kesey 


L. E. Day A. L. KimBatu 
E. S. DEAN L. S. Marks 

Z. G. ARvID PETERSON 
S. H. Downs H. F. Scumipt 


M. C. Stuart 
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(9) DISPLACEMENT COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1935 


DIseRENs, Chairman 
G. T. FeL_Beck 
C. R. HoveutTon 


J. F. HUVANE 
R. M. JoHNson 
J. F. D. Smita 


(11) COMPLETE STEAM POWER PLANTS 


Appointed December, 1918 
Reappointed, 1933 


F. M. Van DEVENTER, Chairman R. A. ForEsMAN 
D. S. Weaa, Secretary V. M. Frost 
W. F. Davipson W. W. JoHNSON 
C. H. Fettows E. W. Norris 


H. S. 


(12) CONDENSERS, WATER HEATING, AND COOLING 
EQUIPMENT 


Appointed December, 1918 


G. A. OrRoK, Chairman J. F. Grace 

P. J. Harpig, Secretary D. W. R. MorGan 
C. H. Baker, Jr. J. J. MuLuan 

R. N. EXRHART H. B. REYNoLps 


P. E. REYNOLDS 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 


G. A. Horne, Chairman G. B. Bricut 
N. H. 


(14) EVAPORATING APPARATUS 


Appointed December, 1918 


E. N. Trump, Chairman E. A. NEWHALL 
B. N. Bump H. L. Parr 
L. C. 


(15) STEAM LOCOMOTIVES 


Appointed December, 1918 


E. C. Scumipt, Chairman 
W. F. Kieset, Jr. 
H. B. OaTLeEy 


G. E. Rwoaps 
L. K. 
W. E. Wooparp 


(16) GAS PRODUCERS 


Appointed December, 1918 


C. D. H. F. Smita 


(17) INTERNAL-COMBUSTION ENGINES 
Appointed December, 1918 


Reappointed, 1928 


Max Rotter, Chairman 
Harte Cooke 


L. B. Jackson 
B. V. E. NorpBERG 
J. H. Suter 


TRANSACTIONS OF THE A.S.M.E. 
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(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 
Reappointed, 1931 


E. C. Hutcuinson, Chairman J. P. GRowDON 
C. M. ALLEN T. H. Hoge 

H. L. DoouirrLe D. J. McCormack 
W. F. Duranp L. F. Moopy 

N. R. Grsson R. V. Terry 


W. M. Waite 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 


C. F. HrrsHrevip, Chairman J. B. GRUMBEIN 
W. A. Carter, Secretary W. W. JoHNSON 
C. M. ALLEN W. H. KEeNERSON 
W. C. ANDRAE E. 8S. LEE 

E. G. BaILey E. L. Linpsetu 
H. S. Bean OsBoRN Monnetr 
L. J. Briegs S. A. Moss 

J. D. Davis R. J. S. Picorr 
K. J. De Junasz E. B. Ricketts 
R. E. DILton W. A. SLOAN 

F. M. FarMER R. B. Smiru 


I. M. 


(20) SPEED-RESPONSIVE GOVERNORS 
Appointed December, 1921 


FraNcIs HopGkInson, Chairman 
F. H. RoGers 


Harte Cooks 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. EnGteE, Chairman J. W. FEHNEL 
O.uison Crala, Secretary H. F. Hacen 

E. L. ANDERSON P. H. Harvie 

A. D. BatLey C. W. HeEDBERG 
H. H. Buspar J. H. Leecu 

W. G. CurIstTy H. E. MacomBerR 
H. O. Crorr H. B. MELLER 

J. M. DALLAVALLE H. C. Murpuy 
DRINKER B. F. 


A.S.M.E. Representatives on Other Committees 
See also A.S.M E. Representatives on Other Activities, page RI-8 
DEVELOPMENT OF DEFINITIONS FOR THE NET 


CALORIFIC VALUE AND GROSS CALORIFIC 
VALUE OF FUELS 


American Society for Testing Materials 
W. J. WoHLENBERG 


Sponsor body: 


COMMITTEE ON REDEFINING SO-CALLED STANDARD 
TON OF REFRIGERATION 


American Society of Refrigerating Engineers 
G. B. Bricut 


Sponsor body: 
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Boiler Code Committees 


The Special Committee on Boiler 
Code shall, under the direction of the Council, have super- 
vision of all the activities of the Society in connection with 
the A.S.M.E. Codes for Pressure Vessels, including the inter- 


Conference Committee to the Boiler Code Committee 


T. R. Arcuer, Delaware 

L. M. BARRINGER, Seattle, Wash. 

A. J. BEAUREGARD, Rhode Island 

Wo. Berz, Jr., Philadelphia, Pa. 

J. G. Bouiock, St. Joseph, Mo. 

B. M. Book, Pennsylvania 

J. C. Bryan, St. Louis, Mo. 

T. C. Cannon Tulsa, Okla. 

L. M. Cave, Maryland 

JaMES Indiana 

M. A. EpGar, Wisconsin 

C. W. Foster, Omaha, Nebraska 

W. H. Furman, New York 

F. D. Garvin, Houston, Tex. 

GERALD GEARON, Chicago, II. 

E. M. Goopman, Evanston, II. 

C. H. Gram, Oregon 

H. K. Kvueet, District of Colum- 
bia 

B. Grerzke, Washington 

F. A. Heckincer, Memphis, 
Tenn. 


G. A. Luck, Massachusetts 

J. M. Lyncu, Erie, Pa. 

C. E. McGrwynis, Los Angeles, 
Calif. 

H. H. Miuus, Detroit, Mich. 

A. C. MrrcueE.t, Scranton, Pa. 

C. O. Myrrs, Ohio 

J. D. Newcoms, Jr., Arkansas 

W. L. Newron, Oklahoma 

O'Connor, Michigan 

F. A. Page, California 

L. C. Peau, Nashville, Tenn. 

J. J. Ryan, Kansas City, Mo. 

E. K. Sawyer, Maine 

A. H. ScHLEMAN, Tampa, Florida 

J. F. Scorr, New Jersey 

W. E. Suupine, Jr., N. Carolina 

C. I. Smiru, Utah 

Wo. E. Suiru, Hawaiian Islands 

GEORGE WILcox, Minnesota 


EXECUTIVE COMMITTEE 


D. S. Jacosus, Chairman 

H. E. Aupricu, Vice-Chairman 
W. H. 

FE. R. 


V. M. Frost 

C. E. Gorton 

C. W. OBERT 
JAMES PARTINGTON 


SUBCOMMITTEE ON BoILers OF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
F. H. CLark 


J. M. 
H. B. 


SUBCOMMITTEE ON CARE OF STEAM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 


F. M. Gisson, Chairman 
V. M. Frost 
J. R. 
A 
J 


J. A. HUNTER 


S. T. PowELu 
C. W. Rice 

H. F. Scorr 
NICHOLAS STAHL 
F. G. STRAUB 


SUBCOMMITTEE ON MATERIALS 


H. LeRoy Wuirney, Chairman 
A. J. Evy, Vice-Chairman 

H. J. Frencu 

H. W. 

W. G. Humpton 

J. J. KANTER 


E. F. KENNEY 
H. J. Kerr 

A. B. 
L. A. SHELDON 
A. E. WHITE 
E. C. 


SUBCOMMITTEE ON HEATING BOILERS 


C. E. Gorton, Acting Chairman 
W.H. Borum 
C. E. Bronson 


J. A. Darts 
F. W. HERENDEEN 
W. E. STarK 


J. W. TuRNER 


SPECIAL COMMITTEE 


C. E. Gorton 
A. M. GREENE, JR. 
W. G. HumptTon 


D. Jacosus, Chairman 
E. R. Fisu, Vice-Chairman 
C. W. Osert, Honorary Secretary 


M. Jurist, Acting Secretary J. O. Lercu 

C. A. ADAMS I. E. Mouttrrop 
H. E. ALpricu C. O. Myers 
H. C. BoaRDMAN H. B. 


W. H. Boerum JAMES PARTINGTON 


R. E. Ceci. WALTER SAMANS 
F. S. CLark S. K. VARNES 
A. J. Eiy A. C. WEIGEL 


J 
V. M. Frosr H. LeRoy WHITNEY 


Honorary Members 


F. W. DEAN C. L. Huston 
W. F. DurRAND W. F. Kreseu 
T. E. DurBAN M. F. Moore 


H. H. VauGHAaNn 


SUBCOMMITTEE ON MATERIAL SPECIFICATIONS 
Members of A.S.M.E. Boiler Code Committee 


P. R. Cassipy, Chairman J. O. Leeca 
A. M. GREENE, JR. P. J. Smrra 


Members of Conference Committee of American Society for 
Testing Materials 
C. L. Warwick, Chairman 
C. F. W. Rys 
Members of Conference Committee of Association of American 
Steel Manufacturers, Technical Committees 


J. O. Leecu, Chairman E. F. Kenney 
A. D. PEacE 


E. J. E>warps 


SUBCOMMITTEE ON MINIATURE BOILERS 


W.#H. FurmMan 
G. A. Luck 
C. O. Myers 


C. E. Gorton, Chairman 
JAMES PaRTINGTON, Vice-Chairman 
E. R. 
C. W. OBERT 


SUBCOMMITTEE ON NONFERROUS MATERIALS 


H. B. Oatiey, Chairman F. P. Huston 


J. J. AULL H. C. JENNISON 
D. K. CRAMPTON E. F. MILuer 


A. M. Houser JosePH PRICE 


SUBCOMMITTEE ON RULES FOR INSPECTION 


J. A. Chairman 
S. H. BaARNum 
L. E. ConNELLY 


WILLIAM FERGUSON 
C. E. Gorton 

F. W. HERENDEEN 
JAMES PARTINGTON 


SUBCOMMITTEE ON SPECIAL DESIGN 


D. B. Wesstrom, Chairman 
W. L. BowLerR 

R. E. Ceci. 

H. E. RockeFeLLER 


D. B. 
W. H. Rowanp 
E. O. WaTERS 

F. S. G. 


SUBCOMMITTEE ON UNFIRED PRESSURE VESSELS 


E. R. Fisn, Chairman R. E. Cecin 
C. A. ADAMS DISERENS 
W. H. A. W. Lriwont, Jr. 
C. E. Bronson H. S. Smita 

D. B. WresstrRom 


SUBCOMMITTEE ON WELDING 
Members of A.S.M.E. Boiler Code Committee 


JAMES PARTINGTON, Chairman J. H. 


C. A. ADAMS E. R. Fisx 
A. M. Canny R. K. Hopxrns 
R. E. T. McL. Jaspar 


L. A. SHELDON 
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Members of Conference Committee of American Welding Society 


C. W. OBERT, Chairman A. Kipp 


J. J. CROWE J. W. Owens 
E. H. Ewertz H. E. Rocke 
F. C. FyKe L. H. 


Officer-in-Charge, Specifications Section, Design Division, Bureau of 
Engineering, U.S. Navy Department 
SpeciaL COMMITTEE ON RULES FOR BOLTED FLANGED CONNECTIONS 


D. B. Wesstrom, Chairman 


SpeciaL COMMITTEE ON RULES FOR OPENINGS 
T. D. Tirrt, Chairman 


SPECIAL COMMITTEE ON RADIOGRAPHIC EXAMINATION OF 
WELDED JoINTs 


C. A. Adams, Chairman 


SpectaL COMMITTEE ON ALLOYED AND H1IGH TENSILE STEELS FOR 
WELDED PRESSURE VESSELS 


C. A. Apams, Chairman 


SpectaL CoMMITTEE TO REVISE SECTION VIII oF THE A.S.M.E. 
BotLerR Cope 


E. R. Fisx, Chairman 


TRANSACTIONS OF THE A.S.M.E. 
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SPECIAL COMMITTEE ON RULES FOR CONTAINERS FOR GASES AND 
LIQuips AT SUBZERO TEMPERATURES 


H. LeRoy Wuitney, Chairman 
COMMITTEE ON CLAD VESSELS 
S. K. Varnes, Chairman 
SpectaL COMMITTEE ON THE APPROVAL OF NEW MATERIALS 


C. A. Apams, Chairman 


API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 


A.S.M.E. Representatives 


R. E. Cecin 
E. R. 


D.S. Jacosus 
T. McLean Jasper 
JAMES PARTINGTON 


A.P.1. Representatives 
K. V. KinG 

(P. D. McE .risu, Alternate) 
T. D. Tirrtr 


WALTER SaMans, Chairman 
A. J. Eur 
R. C. 


The Woman’s Auxiliary to the A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.E. was organized on 
May 10, 1923, and its Constitution and By-Laws was approved 
by the Council of the A.S.M.E. on October 27, 1924. The ob- 
jects of the Auxiliary are to render service to afl that pertains to 
the interest of the profession of mechanical engineering; to co- 
operate with any committees of the A.S.M.E. and to assist the 
sons and daughters of the members of the Society or worthy 
students of mechanical engineering in obtaining scholarships; 
and to promote any other objects consistent with the aims or 
objects of the A.S.M.E. 


OFFICERS 

President, Mrs. GeorGe W. FarRNY 
First Vice-President, Mrs. J. ANSEL Brooks 
Second Vice-President, Mrs. Carvin W. Rice 
Third Vice-President, Mrs. Rospert T. Kent 
Recording Secretary, Mrs. Cuarves E. Gus 

Corresponding Secretary, Mrs. James N. Lanpis 
Treasurer, Mrs. ALBERT H. MorGan 


CHAIRMEN OF COMMITTEES 


Courtesy, Mrs. P. E. Frank 
Education, Mrs. R. V. Wricut 
Hospitality, Mrs. CHARLES GULBRANDSEN 
Membership, Mrs. R. B. Purpy 
Program, Mrs. J. H. R. Arms 
Ways and Means, Mrs. F. M. Gipson 
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Awards 


The following paragraphs deal with the medals, awards, 
scholarships, and loan funds which come within the jurisdiction 
of the A.S.M.E. Other awards available to Student Members 
are listed in Mechanical Engineer’ ebruary, 1938, page 183. 
The Society also participates wit}. ~ engineering societies in 
a number of joint awards. 


Honorary Membership, to which p . acknowledged pro- 
fessional eminence are elected by unanimvuus vote of Council under 
the provisions of the By-Laws and Rules. A list of honorary mem- 
bers is given on page RI-40. 

Life Membership, which may be conferred by the Council for 
distinguished service to the Society; or secured by a member by 
payment for an annuity in accordance with the provisions of the 
By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
service in engineering and science. May be awarded for general 
service in science having possible application in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of genius 
of engineering nature that has accomplished a great and timely 
public benefit. 

Worcester Reed Warner Medal, provision for which was made 
in the will of Worcester Reed Warner, Honorary Member of the 
Society, is a gold medal to be bestowed, together with an engraved 
certificate, on the author of the most worthy paper received, deal- 
ing with progressive ideas in mechanical engineering or efficiency 
in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be présented, together with an engraved certificate, for 
an original paper or thesis of exceptional merit, presented to the 
Society for discussion and publication, to encourage excellence in 
papers. The medal may be presented annually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meri- 
torious service in the field of aeronautical engineering. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of a 
Spirit of Saint Louis Medal Board of Award made up of six mem- 
bers. The St. Louis Section and the Aeronautic Division will each 
be responsible for the nomination of three members. 

Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 
undergraduate and the other for postgraduate work. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 
the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairmen of the Student Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Mar Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman's Auziliary: Scholarship or Fellowship offered by the 
Woman's Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 


and the services or papers for which the awards were made. There 


were no awards for the years not listed. 


A.S.M.E. Mepau 
1921 HsatMar GoTrriep CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm _high- 
explosive shells, but also used extensively in gas shells and 
bombs 
Freperick ArtHur Hausey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
JoHN RipLteyY FREEMAN, for his eminent service in engineer- 
ing and manufacturing by his meritorious work in fire pre- 
vention and the preservation of property 
R. A. MILLIKAN, in recognition of his contributions to science 
and engineering 
Witrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 
JutIAN Kennepy, for his services and contributions to the 
iron and steel industry 
Wititram LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 
ALBERT KinoGssury, for his research and development work 
in the field of lubrication 
AMBROSE Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wiis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 
Cuarues T. Marn, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 
Epwarp Bavuscn, for meritorious mechanical developments 
in the field of optics 
Epwarp P. ButuarD, for outstanding leadership in the de- 
velopment of station-type machine tools. 


1922 


1923 


1926 
1927 
1928 


1929 


1931 


1933 


1934 


1935 


1936 


1937 


Houuiey Mepau 


Hsatmar Gortrriep Carson, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in the World War (diploma _in recognition of 
achievements presented in 1921) 

E._mer AMBROSE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron CuvuzaBuro Suis, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinemato- 
graphic methods 

IrvinG Lanemutr, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

FreperIck G. CoTrre.u, for preeminent public service—the 
invention of electric precipitation—advancement of the science 
of gas liquefaction—gifts for engineering research. 


1927 


1929 


1934 


1936 


1937 


Worcester REED WARNER MEDAL 
1933. Dexter S. Krpatt, for his contributions to efficiency in 
management as exemplified by his recently revised ‘Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 
Raupx E. Fuanpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented 


1934 
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STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of dy- 
namics of moving machinery 

CxuarLes M. A.L.eENn, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE F. HrrsHFE Lb, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers. 


MELVILLE MEDAL 


Leon P. A.Frorp, “Laws of Manufacturing Management” 
W. Rog, ‘Principles of Jig and Fixture Practice” 
Herman DreperRicHs and D. Pomeroy, 
Occurrence and Elimination of Surge or Oscillating Pres- 
sure in Discharge Lines From Reciprocating Pumps” 

Artuur E. GruNERT, ‘Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing”’ 

ALexgey J. Stepanorr, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

E. CaLtpwe.t, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. WIKANDER, ‘‘Draft-Gear Action in Long Trains” 
H. A. Stevens HowanrtH, “The Loading and Friction of Thrust 
and Journal Bearings With Perfect Lubrication” 

ALFRED J. Bucui, ‘‘Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines.” 


Sprrit oF Sarnt Louis MEDAL 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pau. LrrcHFIe.D, for his work in encouraging and sponsor- 
ing airship design and construction in this country 

Witt Roaers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press, 
over the radio, and from the speaker’s platform. 


JuNIoR AWARD 


Ernest O. Hicxstern, ‘Flow of Air Through Thin Plate 
Orifices”’ 

L. M. McMiutuan, ‘The Heat Insulating Properties of Com- 
merical Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics”’ 

S. Loaan Kgrr, ‘‘Moody Ejector Turbine” 

R. H. Herman, ‘‘Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees 
Fahrenheit” 

F. L. Kauuam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and S. Crocker, ‘‘The Elasticity of Pipe 


, ‘Heat Losses Through Insulating Ma- 


Scuauier, “An Investigation of Seattle as a 

Location for a Synthetic Foundry Industry” 

Wa. M. Frame, ‘‘Stresses Occurring in the Walls of an EI- 

liptical Tank Subjected to Low Internal Pressure” 

M. D. AIsensTEIN, “A New Method of Separating the Hy- 

draulic Losses in a Centrifugal Pump” 

Artruur M. Wa8L, “Stresses in Heavy, Closely Coiled Helical 

Springs” 

Ep Smita, Jr., ‘‘Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 

Epmonp M. WaGner, “Frictional Resistance of a Cylinder 

Rotating in a Viscous Fluid Within a Coaxial Cylinder” 

TOWNSEND TINKER, “Surface Condenser Design and Operat- 

ing Characteristics” 

Joun I. Yewuort, Jr., ‘‘Supersaturated Steam” 

STrantey J. Mrxina, ‘‘Effect of Skewing and Pole Spacing 

on Magnetic Noise in Electrical Machinery” 

Harwoop F. Jr., ‘Evaluation of Effective Ra- 

diant Heating Surface and Application of the Stefan-Boltz- 

man Law to Heat Absorption in Boiler Furnaces”’ 

J. Hooper, ‘‘American Hydraulic-Laboratory Prac- 
* tice.” 
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SrupENT AWARD 


Boynton M. Green, Stanford University, ‘‘Bearing Lubri- 
cation” 

Howarp E. Stevens, Rensselaer Polytechnic Institute, 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apvam, Louisiana State University, ‘‘The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. HamMMmonp and C. W. Hoitmpera, Pennsylvania State 
College, ‘‘Study of Surface Resistance With Glass as the 
Transmission Medium”’ 

C. F. Lexa and F. G. Hampton, Stanford University, ‘An 
Experimental Investigation of Steel Belting”’ 

W. E. Hewmicx, Stanford University, ‘‘An Experimental 
Investigation of Steel Belting’”’ 

Howarp G. Aven, Cornell University, ‘‘Wire Stitching 
Through Paper” 

Karu H. Wurre, University of Kansas, ‘‘Forces n Rotary 
Motors” 

Ricnarp H. Morris and ALBert J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHARLES F. University of Minnesota, ‘‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doouirrie, University of California, ‘The Integrating 
Gate: A Device for Gaging in Open Channels” 

GerorGe Stuart Ciark, Stanford University, ‘‘Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FrRaNKLIN and CHarues H. Smiru, Stanford Uni- 
versity, ‘‘The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resist- 
ance of a Barge Model” 

W. S. Monreomery, Jr., and E. Ray Enpers, Jr., Pennsy!- 
vania State College, ‘‘Some Attempts to Measure the Draw- 
ing Properties of Metals” 

R. E. Peterson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens” 
Ceci. G. Hearp, University of Toronto, ‘Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips 
Mode! Tests’”’ 

AurreD H. MarsHatt, Princeton University, ‘Evaporative 
Cooling” 

Rocer Irmin Esy, University of Washington, ‘‘Measure- 
ment of the Angular Displacement of Flywheels’’ 

CuaRENCE C. Franck, Johns Hopkins University, ‘‘Condi- 
tion Curves and Reheat Factors for Steam Turbines” 

FraNK VERNON Bistro, University of Washington, ‘An 
Investigation of a Rotary Pump” 

Watiace Wuire, University of Washington, ‘‘An 
Investigation of a Rotary Pump” 

GerarD EpEen Ciavussen, Polytechnic Institute of Brooklyn, 
‘*High-Temperature Oxidation of Steel” 

Haroitp L. Apams and Ricuarp L. Sriru, University of 
Washington, ‘‘A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

Jutes Popnossorr, Polytechnic Institute of Brooklyn, ‘‘Pres- 
sure and Energy Distribution in Multi-Stage ‘Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, ‘Factors Affect- 
ing Spray Pond Design (Undergraduate Award) 

Witu1am A. Mason, Stanford University, ‘‘An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Hvueo V. Corptano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys’’ (Undergraduate Award) 

James A. OstRAND, JR., Princeton University, ‘Sudden 
Enlargement in the Open Channel”’ (Postgraduate Award) 

H. Reynoips Hupson, Georgia School of Technology, ‘‘Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

CuHarues P. Bacwa, Rutgers University, ‘‘The Behavior of 
Metals Subjected to Combined Stress” (Postgraduate Award) 
Rosert W. Beat, Oregon State College, ‘‘Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Stinson, Oklahoma Agricultural and Mechanical 
College, ‘‘Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 
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DeWirr D. Bartow, Jr., Princeton University, Criti- 
cal Speeds of Lateral Vibrations of Shafts With Gyroscopic 
Effects” (Postgraduate Award) 
Gino J. Martneuui, Rensselaer Polytechnic Institute, ‘‘In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull.”” (Undergraduate Award) 


T. Main Awarp 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: ‘‘The Influence of the Locomotive on the Unity of 
the United States”’ 

W. C. Sayvor, Johns Hopkins University. Subject: ‘The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years”’ 

No award. Subject: ‘‘Scientific Management and Its Effect 
Upon the Industries” 

Ropert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” 

No award. 

Production’ 
JuLes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: ‘‘The Value of the Safety Movement in the Industries” 


Subject: ‘The Influence of Engineering on Farm 


Rosert E. Kuise, University of Michigan. Subject: ‘‘Inter- 
changeability —Its Development and Significance in Indus- 
try”’ 
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MARSHALL ANDERSON, University of Michigan. 
‘‘Apprenticeship and Vocational Training” 
GeorcGe D. WiLkinson, Jr., Newark College of Engineering. 
Subject: ‘Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Puiuip P. Seir, Colorado State College, ‘‘Air Conditioning— 
Its Practicability and Relation to Public Welfare” 

G. Wiuiams, Lafayette College. Subject: ‘‘Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No award. Subject: ‘‘Development in the Generation and 
Distribution of Power and Their Effect upon the Consumer”’ 
ALLAN P. Stern, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Machinery 
Upon Employment in the United States.” 
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Hersert N. Eaton 
Buiake R. Van LEER 
Rospert T. Knapp 
REGINALD WHITAKER 
G. Ross Lorp 


H. J. Casey 
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HONORARY MEMBERS IN 
PERPETUITY 


ALEXANDER LyMaNn HO Founder of the 
Society. Died 1882. 

JoHN Epson Sweet, Founder of the So- 
ciety. Died 1916. 

Henry Ross!Iter WorTHINGTON, Founder of 
the Society. Died 1880. 


DECEASED HONORARY MEMBERS 


ELECTED 


. 1880 
1905 


DIED 


1889 
1913 


Horatio ALLEN . 

WILLIAM ARROL 

Sir JOHN AUDLEY FREDERICK 
ASPINALL 

WILLIAM WALLACE 
ATTERBURY . 

Sir BENJAMIN BAKER 

JOHANN BAUSCHINGER 

Str Henry BESSEMER .. . 

Sir FREDERICK JOSEPH BRAM- 

JOHN ALFRED BRASHEAR 

GuSTAVE CANET . 

ANDREW CARNEGIE 2 

DANIEL KINNEAR CLARK . 

JuLiIvus EMMANUEL 
CLavsius . 

Sir 

PETER CooPpER. « 

CHARLES DE FREMINVILLE . 1919 

GustTaF PATRICK DE 
LAVAL 

DIESEL 

DREDGE 
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1883 
1936 
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1913 
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1906 


TRANSACTIONS OF THE A.S.M.E. 


Honorary Members 


Victor DWELSHAUVERS-Dery 1886 
Tuomas ALva EDISON . 1904 
ALEXANDRE GusTAVE EIrret 1889 
MARSHAL FERDINAND Focu . 1921 
Str CHARLES Fox . 1900 
JOHN RIPLEY FREEMAN . 1932 
JOHN FRITz . 1900 
MaJor-GENERAL GEORGE 
WASHINGTON GOETHALS. 
FRANz GRASHOF 
ReaR-ADMIRAL ROBERT STAN- 
ISLAUS GRIFFIN 
Orro HALLAUER 
CHARLES HAYNES HASWELL . 
FRIEDRICH Gustav HeERR- 
MAMN  . .. i. 
Gustav ADoLPH HIRN 
JosepH Hirscu 
Ira N. Houuis 
Rosert Wooiston Hunt 
BENJAMIN FRANKLIN ISHER- 
woop .... 
Henrt 
Erasmus Darwin LEAVITT 
Henri Le CHATELIER 
ANATOLE MALLET 
CHARLES H. MANNING 
ReaAR-ADMIRAL GEORGE WAL- 
LACE MELVILLE 
THE HONORABLE SIR CHARLES 
ALGERNON PARSONS 
CHARLES TALBOT PoRTER 
AuausteE C. E. Rateau 
Sir Epwarp J. REep 
FRANZ REULEAUX 
Cavin WINSOR RICE. 


1917 
1884 


1920 
1882 
1905 


1884 
1882 
1889 
1928 
1920 


1894 
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1915 
1927 
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1920 
1890 
1919 
1882 
1882 
1931 


Past-Presidents 


1913 
1931 
1923 
1929 
1921 
1932 
1913 


PauMer C. RIcketrs 

HenRI ADOLPHE-EUGENE 
SCHNEIDER 

C. WILLIAM SIEMANS . ‘ 

Viscount EI-IcH! SHIBUSAWA 

AMBROSE SWASEY 

Evinu THOMSON . 

Henry RosBinson Towne 

HENRI TRESCA 

WILLIAM CAWTHORNE UNWIN 

OsKAR VON MILLER 

Francis A. WALKER 

Worcester REED WARNER 

GEORGE WESTINGHOUSE 

Sirk Henry Wuire 

ALFRED FERNANDEZ YAR- 
ROW 


1928 
1893 


1933 
1883 
1907 


1907 
1890 
1901 
1930 
1923 
LORENZO ALLIEVI 
Hurcuinson I. Cong 
MortTIMeR Etwyn Coouey 
ALEx Dow 
WILLIAM FREDERICK DuRAND 


1915 
1916 
1916 
1936 
1919 
1919 HersBerT CLarK Hoover . 
Davip SCHENCK JACOBUS 
Masawo Kamo 
GEorGE A. OrRROK 
GRANDE UFFICIALE 
RONE . 
CHARLES M. 
SAMUEL MatTrHews VAUCLAIN 


1912 


1931 
1910 
1930 
1906 
1905 
1934 


Ina. 


ORVILLE WricHt 


Alist of past vice-presidents, managers, treasurers, and secretaries 


will be found in the 1930 Record and Index, pages 10-12. 


parentheses denote year of death. 


ALEXANDER LyMAN HOo..ey, Chairman of the 


Preliminary Meeting 


for Organization of The American Society of Mechanical Engineers 


(1882) 


1880-1882 
1883 
1884 
1885 
1886 
1887 
1888 
1889 
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1891 
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1893-1894 
1895 
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1897 
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1902 
1903 
1904 
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1907 


RosBertT Henry THURSTON (1903) 
Erasmus Darwin Leavirr (1916) 
JoHN Epson Sweet (1916) 


CoLEMAN SELLERS (1907) 
H. Bascock (1893) 
Horace SEE (1909) 

Henry Ropinson Towne (1924) 
OBERLIN SMITH (1926) 

RosBerRT Hunt (1923) 
CHARLES HarpDING Lorin@ (1907) 
Eck.Ley BRINTON (1895) 
Epwarp F. C. Davis (1895) 
CHARLES ETHAN BILLINas (1920) 
JouHN Fritz (1913) 


CHARLES WALLACE Hunt (1911) 


CHARLES Mora@an (1911) 
SAMUEL T. WELLMAN (1919) 
Epwin (1909) 
James Dopes (1915) 
AMBROSE SwasEy (1937) 

JouHN FREEMAN (1932) 


WorcEsTER REED WARNER (1929) 


JosepHUS FLavius HoLLoway (1896) 


GrorGE WALLACE MELVILLE (1912) 


FREDERICK WINSLOW TaYLor (1915) 
FREDERICK REMSEN Hutton (1918) 


Dates in 


Minarp LAFEVER (1925) 
Jesse MERRICK SMITH (1927) 
GEORGE WESTINGHOUSE (1914) 
Epwarb DaNIEL MEtreEr (1914) 
ALEXANDER CROMBIE HuMPHREYS (1927) 
WILLIAM FREEMAN Myrick Goss (1928) 
JAMES HARTNESS (1934) 

JoHN ALFRED BRASHEAR (1920) 
Davip SCHENCK JACOBUS 

IrA NELSON Ho (1930) 
CHARLES THOMasS MaIn 
Mortimer Etwyn Coo.ey 

Frep J. MILLER 

Epwin S. CARMAN 

DEXTER SIMPSON KIMBALL 

JoHN LYLE HARRINGTON 
FREDERICK RoLuiIns Low (1936) 
WILLIAM FREDERICK DuRAND 
LaMont ABBOTT 
CHARLES M. Scuwas 

ALEx Dow 

ELMER AMBROSE SPERRY (1930) 
CHARLES (1933) 

Roy V. Wricur 

Conrap N. LAvER 

A. A. Porrer 

Dory 

E. FLANDERS 

L. 

James H. HERRON 
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Index to Society Records, Part 1 


The page numbers in this section are preceded by the letters ‘‘RI,”’ which are omitted in the following index. 


Abbreviations and Symbols, Graphical, 


‘omr 
Abbreviations and Symbols, Letter, Comm,. 28 
Abrasive Wheels, Rep. on Safety Comm.... 31 
Acoustical Measurements, Reps. on Comm... 29 


Administrative Comm.................... 6 
Admissions Comm.. 5 


Advertising Manager, "A.S.M.E. 
Advisory Board on Professional Status...... 7 
Advisory Board on Standards and Codes... 7 
Advisory Board on Technology............ 7 
Aeronautic Div 


9 
General Comm.. 9 
Reps. on Other Activities... . 9 
Aeronautics, Rep. on Safety Comm. 
Aims and Objectives, Comm....... ont 7 
Aircraft Safety and Inspection, Comm......9, 31 
Air Navigation, Obstructions, an. on 
Alfred Noble Prize, A.S.M.E. Rep. ee 8 
Allowances and Tolerances, wy Comm. 25 


American Association for the Advancement 
of Science, A.S.M.E. Rep... 
American Engineering Council, A.S.M.E. 


American Marine Standards, Rep. on Comm. 29 
American Standards Association, A.S.M.E 


American Year Book Corporation, A.S.M.E 
8 
Amusement Parks, Rep. on ‘Safety ‘Comm. 31 
Applied Mechanics Div. 
9 
Subcomms. . 9 
Ash Removal, Powdered-Coal Furnaces, 
Comm, 9, 23 
S.M.E. Medal 
Recipients......... 37 
Statement about... 37 
Assistant A.S.M.E.. 5 
Awards, A.5.M.E. 
Statements about. eee 37 
Awards Comm. See Honors and Awards 
Comm. 
Ball and Roller Bearings, Comm. 25 
Bearings, Heavy Duty Anti-Friction, Comm, 23 
Biography Advisory Comm.. 7 
Boiler Code 
Revision of Section VIII, Spec ialComm. 36 
Boiler Feedwater Studies, Comm....... 23 
Boiler Furnace Refractories, Comm... 23 
Boiler Furnaces, Radiant Heat, Comm 23 
Boilers, Rules for Inspection of, Comm. 35 
Boilers. cial Design of, Comm... . 35 
Bolted Connections, Rules for, 
36 
Bolt, Nut and Rivet Proportions, Comm. 26 
Building Code for Light and Ventilation, 
29 
Building Code, Rep. on Comm.. 
Cast Iron Pipe, Reps. on C omm........ Ss 


Certificates and Pins, Fellow Grade, Comm. 7 
Charles T. Main Award 


Chucks and Chuck Jaws,Comm........... 25 
Citisenship Comm... 7 
Coal, Classification of, Rep. on Comm...... 29 
Coal, Clean Bituminous, Rep. on Comm. 30 
Coal-Handling Equipment, Rep. on Comm... 30 
Coal Mines, Rep. on Comm..... 29 
Colleges, Relations with, Comm............ 6, 20 
Compressed Air, Work in, Rep. on Safety 
Compennes Air Machinery and Equipment, 
31 
Compressors and Blowers 
Yentrifugal and Turbo, Comm......... 33 
Displacement, 34 
Condensers, Water Heating, ‘and Cooling 
Constitution and By-Laws Comm.......... 6 


Construction Work, Rep. on Safety Comm... 31 
Containers for Gases and Liquids at Subzero 


Temperatures, Rules for, Comm... 36 
Conveyors and Conveying Machinery, Safety 


Correlating Comm. A.S.A. Safety Code, Rep. 


Corrosion, Rep. on Comm....... 
Council, A.S.M.E. 

5 

Cranes, Derricks and Hoists, ee Comm.. 31 
Cut and Ground Thread Taps, C Somm. : 26 
Cutting Metals, Comm... 
Cutting Tools, Single Point, Comm....... 26 


Guggenheim Medal Fund, Ine., 

. 8,9 
Davis, N.. 2.3 
Definitions and Values, Power Test Codes, 


Daniel 


Development Comm.. 
Displacement Pumps, Reciprocating Steam- 
33 
a, and Drafting Room Practice, 
Dues Members’ Contributions, 
7 
Dust Explosions, ‘Reps. on Safety Comm. . 
Dust Separating Apparatus, Comm...... . 84 
Economic Status ‘aun Engineer Comm. . 7 
Education and Training for the Industries 
Electrical Definitions, Rep.on Comm....... 30 
Electric Motor Frames, Comm.. 28 
Electric Sockets and Lamp Bases, Comm. 28 
Electric Welding, Rep. on Comm.......... 30 
Electric Welding Dies, Comm............. 26 
Electrode Holders, Comm............... = 
Elevators, Safety Code, Comm............ 31 
Engineering Foundation, A.S.M.E. Reps. : 8 
Engineering History Comm., A.S.M.E. Reps 8 
Engineering Registration, National Bur. - 
A.S.M.E. Rep.. 8 
Baginewing Societies, Cooperation in Safety 
Work, Rep. on Comm............ 32 
Societies Employment Service, 
8 
Council for Professional Develop- 
ment, A.S.M.E. Reps.... . 
Evaporating Apparatus, Comm.. 34 
Exhaust Systems, Rep. on Safety Comm.... 32 
Fans and Blowers, Comm................. 11 
Feedwater Studies, Boiler, Comm.. 23 
Fellow Grade, Certificates and Pins, Comm. 7 
Ferrous Materials, Comm................. 35 
Fire Tests, Building Construction and Ma- 
terials, Rep. onComm.......... 30 
Floor and Wall Openings, Railings, and Toe 
Boards, Rep. on Safety Comm. . wo 
Fluid Flow, Velocity Measurement of, 
Fluid Meters, Comm............... . 
Forest Fire Protection, Rep. on C omm...... 30 
Forging and Hot Metal Stamping, Rep. on 
Safety Comm.... 2 
Foundry Equipment and Supplies, ‘Comm. 28 
Foundry Practice, Comm................. 10 
Freeman Fund, Comm...................- 7 


Freeman Scholarships. See John R. Freeman 


Travel Scholarships 
Fritz Medal Board of Award, A.S.M.E. Reps. of 


Fuel Oils, Reps. on Comm................ 
Fuels, Calorific Values, Rep. on Comm..... 34 
Power Test Code Comm............ 33 
Fuels Div. 
Joint Meeting With A.I.M.E., Comm... 9 
Programs and Meetings, Comm........ 9 
Fuel Values, A.S.M.E. Reps............... s 
Gages, Pressure and Visa, Comm.. 27 
Gantt — Board of Award, A. S.M.E. ‘ 
Gas Mask r, eh Rep. on Safety Comm... 32 
Ges Producers, Comm... .. 34 
26 
Gear Teeth, Strength of, Comm............ 22 
George Westinghouse Bust Comm........... 8 
Glass, Safety, Rep. on Comm.............. 32 
Graphic Arts Div., Exec. Comm........... 10 
Graphic Presentation Comm............... 29 
Guggenheim Medal Fund, A.S.M.E. Reps...8, 9 
Heating Boilers, Comm. 35 
Transfer Professional Group, 10 
hway Research, Rep. on Comm.. — 
Halley Medal 


Holmes Safety Association, A.S.M.E. Rep... 29 
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Honorary Members, List of............... 40 
Honorary Membership, Statement about.... 37 
Honors and 6 


Hose Couglinan, Screw Threads, Comm.. 27 
Hydraulic Div., Exec. Comm.. 
Hydraulic Prime Movers, Comm........... 9, 34 
Industrial Aerodynamics, ee 9 
Instruments and_ Regulators, 
Workers, Foundries, Protection 
f, Rep. on Safety Comm.......... 32 
Industrial Workers, Protection of, Rep. on 
32 
Industries, Education and Training for, 
Instruments and Apparatus, Power Test 
34 
Internal Combustion Engines, Comm....... 34 
International Electrotechnical Commission, 
8 
Iron and Steel Bars, SE eee 27 
— and Steel Div., Exec. Comm........... 10 
Bushings, 25 
Te n — Medal Board of Award, A.S.M.E. 
John R. Freeman Travel Scholarships 
39 
Statement about..................... 37 
Joseph A. Holmes Safety Association, 


Journal of Applied Mechanics, Exec. Comm. 9 
Junior Award 


37 
Ladders, Rep. on Safety Comm............ 32 


Laundry Machinery, Rep. on Safety Comm. 32 


Leather Belting, Comm................... 28 
6 
Life Membership, Statement about......... 37 
Lighting Factories, Mills, Rep. on Safety 
Local Sections 
Nominating Comm. Groups 
Regional Group to 
Conferences... 
13 
Locomotives, Boilers of, Comm............ 5 
Logging and Sawmill Machinery, Rep. on 
2 
Low Voltage Electrical Hazard, Rep. on 
32 
Lubrication Engineering, Comm........... 10 
Machine Design, Comm.................. 10 
Machine Pins, Comm.. 
Machinery, Speeds of, Comm. . 29 
Machine Shop Practice Div., Exec. Comm.. 10 
Machine 25 
Machine Tool Elements, Comm............ 25 
Machine Tools, Designations and Working 
25 
Machining of Wood, Comm............... 12 
Main Award. See Charles T. Main Award 
Management Div., Exec. Comm........... 10 
Management, Measures 23 
Manhole Frames and Covers, Reps. on 
Manual of Practice Comm........ 7 
Manual on Citizenship Comm.. : 7 
Materials Handling Div., Exec. Comm.. 
Materials, New, Boiler Code Comm... . 86 
Material Specifications, Comm........... 35 
Max Toltz Loan Fund, Statement about. . 37 
Measures of Management, ae 23 
Mechanical Catalog Comm................ 7 
Mechanical Power-Transmission Apparatus, 
31 
Mechanical Refrigeration, Reps. on Safety 
32 
Mechanical Separation, Comm............. ll 
Mechanical Springs, Comm................ 22 
Meetings and Program Comm............. 5 
omm. See Admissions Comm. 
Melville M 
a ae Research, Rep. on Comm.. 24 
Metals, Cutting of, ‘10, 22 
Metals, Effect of Temperature on, Comm.. 22 
Metals, Phenomena of, on 
Mid-Continent. Office, of... 5 
Mid-West Office, Location of.............. 
Milling Cutters, Comm.................... 


32 
of 
Hoover Medal Board of Award. ASME Sars 
33 
= 
2 
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Miniature Boilers, Comm 

Model Smoke Law, Comm 

Multiple Spindle Drilling Heads, Comm.. 

National Bituminous Coal Commission, 
Comm. on Activities of 

National Bureau of Engineering Registration, 
A.S8. Rep 

National Defense Comm 

National Fire Waste Council, A.S.M.E. . 

National Council, A.S.M 


Rep 
National Research an. A.S.M.E. Reps.. 
Noble Prize, A.S.\ E. Rep 
Nomenclature, Tools, Comm.... 
Nominating Comm., 
Non-Ferrous Materials, 
Officers, A.S.M.E., for 1937- 1938 
Oil and Gas Power Div., Exec. Com 
Oil Cost Report 1937, 


Openings, Rules for, Boiler Code Comm. 

Paper and Pulp Mil Lilis, ae on Safety Comm. 

Paper Awards and Honors, Process Indus- 
tries Div., 

Past-Presidents, List of 

Petroleum Div., Exec. Comm 

Petroleum Products and Lubricants, Reps. 


Petroleum Specifications, Rep. on Comm... 
Pipe and Tubing, 

Pipe Flanges and Fittings, Comm.. 

Pipe Threads, Comm 

Pipin, ‘Systems, Identification, 
Plumbing — Comm...... 
Power Div. 

Power Test Codes sa Standing 

Power Test Codes Comms., Technical 
Power Test Lsaanene General Instructions, 


Com 
Preferred Hamban, Rep. on Comm 
Presses, Rep. on Safety Comm 
Pressure oes Code for, Comm 
in — Care of, Comm. 35 


Pressure Vessels, Welded, Comm 

Prime Movers, Hydraulic, Comm 

Process Industries Div., Exec. Comm....... 
Professional Conduct Comm 

Professional Divs. Comm., Standing. 
Professional Divs. Exec. Comms 
Professional Status, Advisory Board on 
Publications Comm, 


Pulp and Paper, Comm 
Pumping Machinery, Comm 
Pumps, Centrifugal and Rotary, Comm.. 
Pumps, Reciprocating Steam-Driven Dis- 
placement, Comm 

Punch Press Tools, Comm 

ilroad Div., Exec. Comm 
Rating Rivers, Rep. on Comm 
Reamers, C 
Refrigerating Systems, Comm 
Refractories, Boiler Furnace, Comm 


TRANSACTIONS OF THE A.S.M.E, 


menue. Materiais, Properties of, Rep. on 
omm 

Registration Comm 

Relations with Colleges Comm 
Representatives on Other Activities 


Standardization...... 
Research Comm., Standing. . 
Research Comnms., Special. . 

Rock Steels, eat-Treatment of, “Rep. 


Rep. on 


n Com 
Rotating Electrical Machinery, 


Rotating Tool Shanks, Comm 
Rubber and Plastics, Comm 
Rubber Machinery, Rep. on Safety Comm. . 
Comm., 8 
Comms., Technical 
See Spirit of St. Louis 


Sampling Pulverized Fuel, Comm.......... 

Sanitation, 

Scholarships and Loans, Statement about. . . 

Screw Threads for Hose Couplings, Comm.. 27 

Screw Threads, Standardization and Unifi- 

cation of, 

Secretarial Staff, AS 

Senior Councilors 

Shaft Cou 

Shafting, 

Sieves for Testing Purposes, Rep. on Comm. 

Small Tools, Comm 

Solid Fuels, ‘Combustion Space for, Comm. 

Speed-Responsive Governors, Comm 

Speeds of Machinery, 

Spindle Noses and 

Spirit of Saint Louis 
Recipients 
Statement about 

Spirit of St. Louis Board of Award 

Splines and Shafts, Comm 

Springs, Mechanical, Comm 

Standardization Comm., 


ollets, 
Medal 


Standing Comms 
Statistics in Engineering and Manufacturing, 


Steam Boilers, Critical Pressure, Comm.... . 
Steam Boilers in Service, Care of, Comm 
Steam Engines, Reciprocating, Comm 
Steam-Generating Units, Stationary, Comm. 33 
Steam Locomotives, Comm 
Steam Power Plants, Comm 
Steam, Thermal Properties of, Comm 
Steam Turbines, Comm 
Strength of Vessels, Comm 
Student Award 

Recipients. . 

Statement about.. 


FEBRUARY, 1938 


Student List 
Sugar, Comm.. 
Surface Qualities, Comm... 
Symbols and Abbreviations 
Graphical, Comm 
Letter, Comm 
Technical Committees, Special 
Boiler Code 


Technical Committees, 
Technology, Advisory ‘Board on. 

Testing Wood, Rep. on Comm.. 

Textile Div., Exec. Comm 

Textiles, Rep. on Safety Comm 

Toltz Fund. See Max Toltz Loan Fund 
Tool Holders, Comm 


Tool Steel, Reps. on Comm 

Track work Manufacturing Materials, Rep. 
on Comm 

Transmission Chains and Sprockets, Comm. 

T-Slots, Comm 


Ventilation, R 
Vessels, C 
Vessels, "Under External Pressure, 


Walkway Surfaces, Rep. on Safety Comm. 
Warner Sete, See Worcester Reed Warner 


Washers, Plain and 
Washington Award, E. Reps 

Water for Industrial oY Rep. on Comm.. 
Water Hammer, Comm 

Water Heating, Volume, Rep. on Comm.. 
Welded Joints, Radiographic Examination ‘of, 


Welded Pressure Vessels. . 
Welding 
Boiler Code Comm..... 
Machine Shop Practice Comm 
Welding, Electric, Rep. on Comm 
Welding Research, Bureau of, A.S.M.E. Rep. 
Western Society of Engineers, A.S.M. E: 


eps 
Westinghouse gh Comm 
Window Washing, Rep. on Safety Comm. 
Wire and Sheet Metal Gages, Comm 
Wire Rope, Comm 
Wire Rope for Mines, Rep. on Comm 
Woman's Auxiliary, of 
Woman's Auxiliary Scholarshi 
Wood Industries Div., Exec. 
Wood, Machining of, Comm 
Wood Utilization, Rep. on Nat. Comm 
Worcester Reed Warner Medal 
Recipients of 
Statement about 
Worm Gears, Comm......... 


35 
6, 20 
8 29 Standardization.............. . 24 
8 6, 22 
agen 26 22 7 
5 --. $2 
11 
26 
11 ll Tool Post i Sha 
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Memorial Biographies 


HE purpose of Memorial Biographies is to place on permanent record the bio- 
4 graphical and professional data relating to deceased members of The American 
Society of Mechanical Engineers. Hence every effort is expended to insure accu- 
racy, and to make the memorials as inclusive as is reasonably possible. 

The first source of information upon which these notices are based is the Society’s 
file of membership applications and transfers. In the case of the more recent member, 
these application records are fairly complete. The applications of those who became 
members many years ago, however, contain less detailed data, and in many cases the 
sponsors are no longer alive, so that it is difficult to obtain assistance from this source. 
If the member has been retired for several years prior to his death, his business 
associates are frequently hard to locate, and, in some cases, members of his family 
cannot be found. While all these factors add to the difficulty of obtaining accurate 
and fairly complete data, every possible source of information is explored, with the 
result that publication of the notice is sometimes delayed. A large number of the 
memorials in this issue have been prepared under these difficulties. 

It is the practice of the Committee on Publications in the case of some deceased 
members to ask former friends and associates to prepare the obituary. The object 
is to secure a final record that will be more valuable for having been prepared by 
men who knew the deceased and are competent to evaluate his work. Memorials 
prepared in accordance with this recent policy are signed by those who wrote them or 
who collaborated in their preparation. To all persons who have thus cooperated, the 
Committee acknowledges its gratitude. 

The Committee has also established most helpful and cordial contacts with other 
societies in the preparation of these notices. As members of this Society are some- 
times members of others also, collaboration in the preparation of obituaries holds the 
possibility of securing a more completely authoritative record. Several obituaries 
published with this series will be found to have been republished in full from the 
records of other societies, or to have been adapted from these records. To these 
societies, and to their members who prepared the obituaries so used, the Committee 
wishes to express its thanks. 

The Committee also appreciates and acknowledges the assistance that has been 
given by relatives, business associates, and friends in the preparation of all other 
memorials. It also acknowledges its debt to such sources as Who’s Who in Engineer- 
ing, Who’s Who in America, and similar publications; the Encyclopedia of American 
Biography, and the National Cyclopedia of American Biography; the technical and 
daily press; colleges and universities and their alumni associations; and to engineering 
and other societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are 
urged to notify the Society promptly of the deaths of members. Newspaper clippings 
or obituaries in any other form should be sent whenever available and the names and 
addresses of those who can supply further information should be furnished. A special 
form for supplying complete details will be forwarded by the Office of the Society 
upon request. 

THE COMMITTEE ON PUBLICATIONS 


: 
; 


fi 
z 
5, 
i 
re 
y 


Memorial Biographies 


CHARLES BENNET ALLEN (1875-1936) 


Charles Bennet Allen, vice-president in charge of engineering of 
The Ohio Injector Company, Wadsworth, Ohio, died on February 13, 
1936. He was born at Greencastle, Ind., on February 25, 1875, son 
of Jerome and Emma (Bennet) Allen. After a preparatory course at 
the DePauw Academy, Greencastle, he entered DePauw University, 
which conferred a Ph.B. degree upon him in 1897. Two years later 
he took his B.S. degree in mechanical engineering at Purdue Univer- 
sity. He was elected to the Phi Beta Kappa and Beta Theta Pi 
fraternities. 

Mr. Allen was with The Ohio Injector Company continuously from 
1899 until his death. Beginning in the shops and drafting room, he 
was soon put in charge of the latter and of the experimental depart- 
ment. In 1901 he was made superintendent, having entire charge of 
production, plant maintenance, experimental work, and design. He 
served in this capacity until 1922, when he was appointed mechanical 
engineer for the company and devoted himself largely to design and 
research work and to the technical correspondence of the company. 
He became vice-president in 1934. 

The Ohio Injector Company manufactures all types of injectors, 
ejectors, lubricators, locomotive appliances of various kinds, and an 
extensive line of valves, both iron and brass, principally for high- 
pressure service. A very large percentage of the products were either 
designed by Mr. Allen or directly under his supervision. He was 
granted a number of patents on injectors, lubricators, and valves 
which were manufactured by the company and proved economically 
successful. 

Mr. Allen became a member of the A.S.M.E. in 1924 and served on 
the Executive Committee of the Akron Section in 1927 and 1928, and 
again in 1931 of the Akron-Canton Section. He also participated in 
the work of the Manufacturers Standardization Society of the Valve 
and Fittings Industry. 

Surviving Mr. Allen are his widow, Edith (Coffin) Allen, whom he 
married in 1901, and a daughter, Margaret (Mrs. Ross) Beardon. 


GUSTAV ROLAND ANDERSON (1886-1936) 


Gustav Roland Anderson died at the Grasslands Hospital, Val- 
halla, N.Y., on March 10, 1936, after a protracted illness. He was 
retired on pension from the position of testing engineer for Standard 
Brands Incorporated, Peekskill, N.Y., on September 1, 1935. 

Mr. Anderson was born in Chicago, Ill., on December 9, 1886,:son 
of Albert and Mary (Sundstrom) Anderson. He secured his techni- 
cal education at the Armour Institute of Technology, attending night 
school there after taking a position in 1904 as electrician for Mandel 
Brothers. Studies in steam and mechanical engineering fitted him 
for the position of engineer, and later he was advanced to that of 
assistant chief engineer, which he held until poor health caused him to 
resign in 1920. 

After a short time with the Aetna Life Insurance Company as field 
man engaged in safety work in Alabama and Eastern Tennessee, Mr. 
Anderson took the position of testing engineer for the Fleischmann 
Company, which later became Standard Brands Incorporated. He 
was in charge of alterations to improve the efficiency of the boiler 
and power plants and the design and construction of new equipment 
at the various plants in the East. 

Mr. Anderson became a member of the A.S.M.E. in 1928. He was 
also a member of the National Association of Power Engineers and 
of the Masonic fraternity. He was greatly interested in growing 
flowers, particularly roses and dahlias, and in landscaping and pho- 
tography. 

His wife, Mabel Lee (Rogers) Anderson, whom he married in 1923, 
died in 1932. Her sister, Geneva Rogers, of McDowell, Va., is his 
only surviving relative. 


GARDNER CHACE ANTHONY (1856-1937) 


Gardner Chace Anthony, dean emeritus of the Engineering School 
of Tufts College, died on November 28, 1937, at his home in New 
Rochelle, N.Y., at the age of eighty-one. 

Dr. Anthony was born in Providence, R.I., on April 24, 1856, son 
of David Chace and Sarah Clark (Carpenter) Anthony. He received 
his early education at the English and Classical School in Providence. 
Later he attended Brown University and Tufts College from 1875 to 
1878 for special courses in engineering. During the first part of this 
period he also worked as a draftsman for the Providence Steam Engine 
Company. 
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Upon the completion of the special courses at Tufts College in 1878, 
he was engaged as a draftsman at the Harris-Corliss Engine Works 
until May, 1881, when he returned to the Providence Steam Engine 
Company. A record of his work there during the next few years is 
found in his application for membership in the A.S.M.E. in 1884, as 
follows: 

“T have been employed in designing various types of engines and 
boilers, together with boiler machinery, including the largest class of 
steam punching, shearing, and riveting machinery. During this time 
also, the Greene automatic cut-off engine has been entirely remodeled 
and considerable of my time has been applied to this work, as well 
as to other types of engines built by the company. I have also done 
much in the redesigning of automatic bolt and nut tapping and 
threading machinery, together with tools and other machine work.” 

Not long after this, Dr. Anthony began work as designer for the 
Brown & Sharpe Manufacturing Co. of Providence, specializing in 
mechanical drawing and design, but left this position in 1886 to be- 
come director of the Rhode Island School of Design. The following 
year he founded the Rhode Island Technical Drawing School of 
Providence. 

Dr. Anthony returned to Tufts College in 1893 as dean of the Brom- 
field-Pearson School and professor of technical drawing. When the 
Engineering School was formed in 1898 he was appointed its first dean 
and he continued to serve the college in that capacity until his retire- 
ment as dean emeritus in 1927. The college conferred an honorary 
Master of Arts degree upon him in 1889, and an honorary Doctor of 
Science degree in 1905. He wasa member of Tau Beta Pi fraternity. 

After his retirement he became associated with Principia College of 
St. Louis, Mo., as a member of the board of trustees and chairman of 
the building committee. He was connected with the New York 
office of the college at the time of his death. 

Dr. Anthony was known widely in engineering circles but par- 
ticularly in New England through his thirty-four years of unbroken 
service at Tufts College. He was a recognized authority on several 
phases of engineering and engineering education. He was vice- 
president in 1911-1912 and president in 1913-1914 of the Society for 
the Promoticn of Engineering Education. He became a member of 
the A.S.M.E. in 1884 and also belonged to the American Association 
of Arts and Sciences. 

Dean Anthony held a unique position in the early development of 
engineering grapiics through the many works he published on me- 
chanical drawing, machine design, and descriptive geometry. Those 
who have used his texts in the teaching of graphics fully appreciate the 
directness and thoroughness of his works. 

Dean Anthony will be long remembered for his genial and attractive 
personality. Those who have had the privilege of association with 
him have recognized his genuine qualities and as the years passed on 
found their affection for him steadily growing. 

Dr. Anthony's first wife, the former Susan Pearson, of Boston, 
whom he married in 1879, died in 1917. Surviving him is his son by 
this marriage, Charles Pearson Anthony. His second wife, who was 
Ella M. Taylor, of Brooklyn, N.Y., and whom he married in 1921, 
died on September 8, 1938.—[Adapted from memorial prepared by 
F. W. Mine, Mem. A.S.M.E., for the Society for the Promotion of 
Engineering Education. } 


VICTOR R. ARBOGAST (1871-1936) 


Victor R. Arbogast, whose death occurred on May 27, 1936, was 
born at Springfield, Ohio, on February 21, 1871, son of William and 
Elizabeth (Willard) Arbogast. Following his graduation from the 
Springfield High School in 1887 he served a three-year apprenticeship 
as a machinist with the M. Steele Co., Springfield. He then took a 
special two-year course in mathematics, physics, and drawing at 
Wittenberg College, Springfield. 

From 1892 to 1906 Mr. Arbogast was employed in Springfield, first 
as draftsman for the Sintz Gas Engine Company, then as general 
machinist and later erecting engineer for the Foos Gas Engine Com- 
pany. In 1896 he took a position in the machine department of the 
Springfield Machine Tool Company; he was put in charge of the lathe 
department three years later and appointed superintendent on May 1, 
1904. During two years spent in this capacity he supervised the de- 
sign of new shapers and an 18-in. high power lathe. 

Mr. Arbogast resigned from the Springfield Machine Tool Company 
at the beginning of May, 1906, and spent that summer at the Buffalo 
plant of the American Radiator Company acquiring general training 
in the manufacture of radiators, boilers, and special machine equip- 
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ment for their manufacture. In the fall he was appointed superin- 
tendent of the boiler and radiator plant of the company’s subsidiary, 
Nationale Radiator Gesellschaft, m.b.H., at Schoenebeck a/Elbe, 
Germany, where he remained until 1912. He then went to Austria 
to supervise the construction of a new plant at Wiener Neustadt, of 
which he became manager when it was completed. He remained 
there until the United States entered the World War, returning to 
America about the middle of 1917. 

During the remainder of that year and in 1918 he was superin- 
tendent of the plant of the American Radiator Company at Bayonne, 
N.J., where guns for the United States Navy were being manufac- 
tured. After the War, from 1919 to 1925, inclusive, he was general 
superintendent of plant operations in Germany and Austria. From 
the beginning of 1926 to the end of 1930, when he retired, he was 
general superintendent of all plant operations of the subsidiary com- 
panies in England, France, Belgium, Germany, Austria, and Italy. 

Mr. Arbogast was an unusual mathematician and engineer. He 
was always a student and a teacher who took profound pleasure in 
passing along to the younger men with whom he was associated, any 
information he had acquired. Many were indebted to him for en- 
couragement and assistance. 

Mr. Arbogast became a member of the A.S.M.E. in 1909. He was 
also a member of the Royal Society of Arts and a 32d degree Mason. 
He was much interested in the making of watches and liked to repair 
clocks and watches. He is survived by his widow, Elsie (Cover) 
Arbogast, whom he married in 1921. 


JOSEPH BANCROFT (1875-1936) 


Joseph Bancroft, former chairman of the board of directors of the 
Joseph Bancroft & Sons Co., manufacturers, bleachers, dyers, and 
finishers, Wilmington, Del., died in the Homeopathic Hospital in 
that city on May 6, 1936, of pneumonia which developed after an ac- 
cident at Bedford Springs, Pa. Mr. Bancroft was a native of Wil- 
mington, having been born at ‘‘Rockford,”’ the family estate (on the 
outskirts of the city at that time), on May 18, 1875, son of Samuel 
Bancroft, Jr., and Mary Askew (Richardson) Bancroft. He secured 
his early education at the Friends School, Wilmington, which he at- 
tended from 1886 to 1889, and the Penn Charter School, Philadel- 
phia, Pa. (1889-1893), and received the degree of bachelor of science 
in chemical engineering in 1898 at the Massachusetts Institute of 
Technology. 

Mr. Bancroft began his business career with the Joseph Bancroft 
& Sons Co. immediately following his graduation, working on the 
design and construction of machinery. Since 1901, when he became 
assistant treasurer and a director of the company, his work had been 
of an executive nature. He was made treasurer in 1911 and vice- 
president in charge of finance in 1917, and served as chairman of the 
board of directors from 1928 to 1933. He had been president of the 
estate of Samuel Bancroft, Jr., Inc., since 1916. 

Mr. Bancroft was also chairman of the board of directors of the 
Huntingdon & Broad Top Mountain R.R. & Coal Co.; a director of 
the Wilmington Trust Company, the Philadelphia, Baltimore & 
Washington R.R. Co., the Baltimore & Eastern R.R. Co., and the 
Farmers’ Mutual Fire Insurance Company of the State of Delaware; 
and a member of the advisory board of the Liberty Mutual Insurance 
Company. He succeeded his father as president of the former Every 
Evening Publishing Company, but sold his interest in the paper in 
1918. 

During the World War Mr. Bancroft was chairman of the Local 
Selective Service Board No. 1, of Wilmington, and as chairman of the 
bituminous coal committee for Delaware, directed distribution of all 
soft coal in the state. He was also active in the Liberty Loan and 
Red Cross drives. 

In 1919 he was appointed a member of the Board of Harbor Com- 
missioners, of the City of Wilmington, and was reappointed in 1925 
and again in 1931. Four years before the legislature empowered the 
city to build the marine terminal, Mr. Bancroft, as a member of the 
Chamber of Commerce, was active in working for the project. He 
was a director of the Chamber of Commerce and took a prominent 
part in establishing the workmen’s compensation plan in Delaware, 
serving as vice-chairman of the Chamber of Commerce group which 
studied industrial conditions in Wilmington and other cities and 
finally drafted the law that resulted in the Delaware Industrial Ac- 
cident Board. He was a candidate for governor on the Democratic 
ticket in 1924. 

A birthright member of the Wilmington Monthly Meeting of 
Friends, Mr. Bancroft was also much interested in the Florida Avenue 
Meeting House in Washington, D.C., and contributed liberally to 
the new building there. He was a director of the Boys’ Club and the 
Homeopathic Hospital in Wilmington and held memberships in the 
Rotary Club, Torch Club, Wilmington Society of Fine Arts, Dela- 
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ware Society of the Sons of the American Revolution, Colonial Wars, 
Wilmington Club, Wilmington Country Club, and the University 
Clubs in Wilmington, Philadelphia, and New York. He was greatly 
interested in book collecting and was a member of the Grolier Club, 
New York, The Bibliophile Society, Boston, Book Club of California, 
San Francisco, First Edition Club, London, and Brasenose Club, 
Manchester, England, and was an elector to the Hall of Fame of 
New York University, in 1935. He also belonged to The Players, 
New York, and to the Theta Xi, Masonic, and Elks fraternal orders. 

Mr. Bancroft became a member of the A.S.M.E. in 1914. He was 
also a member of the American Institute of Chemical Engineers, 
American Chemical Society, The Franklin Institute, and the Society 
of American Military Engineers, and a Fellow of the Royal Society of 
Arts and Sciences, London. He was a director of the United States 
Institute for Textile Research. 

Mr. Bancroft married Miss Elizabeth Howard, of Burlington, Vt., 
in 1902, and is survived by her, as well as by a sister, Mrs. Elizabeth 
R. (Bancroft) Bird, and a nephew, Samuel Bancroft Bird. 


JOHN HENRY BARR (1861-1937) 


Major John Henry Barr died at his residence in Ithaca, N.Y., on 
March 27, 1937. He was born in Terre Haute, Ind., on June 19, 
1861. His parents, John H. Barr and Eliza (Tillotson) Barr, moved 
to Mankato, Minn., while he was a child, and he received his ele- 
mentary and preparatory education in the schools of that town. He 
was graduated from the University of Minnesota with the degree of 
B.M.E. in 1883 and received the degree of M.S. from that institution 
in 1888. In 1889 he received the degree of M.M.E. from Cornell 
University. 

After graduation from Minnesota, Major Barr was employed in 
the engineering department of the Calumet & Hecla Mining Co., as 
assistant to the resident mechanical engineer at Calumet, Lake 
Superior, Mich. (1883-1884), and during 1884-1885 he was mechani- 
cal engineer for the Lake Superior Iron Works at Houghton, Mich. 
In 1885 he returned to the University of Minnesota as an instructor 
in mechanical engineering and was promoted successively to assistant 
professor and professor of mechanical engineering. He remained at 
Minnesota until 1891, except for the year 1888-1889, when he had 
leave of absence to work for his master’s degree at Cornell. In 1889 
he was detailed to write the official report on the machine tools ex- 
hibited at the Paris Exposition of that year for the Report of the 
Commissioner General of the United States, a remarkable assignment 
for so young a man. 

In 1891 he was called to Cornell University as associate professor of 
machine design. In a few years he was made professor of machine 
design, which position he held until 1903. During this period Major 
Barr did a considerable amount of consulting work. While absent 
on leave during 1899-1900 he was employed by the Anaconda Copper 
Mining Company as a consultant. He also did considerable writing 
during his professorship, his book on ‘‘Kinematics of Machinery” 
finding instant recocnition as a textbook. 

In 1903 he resigned his professorship and accepted the position of 
factory manager and second vice-president of the Smith-Premier 
Typewriter Company at Syracuse, N.Y. This position was quite to 
his liking as he was very expert in the design of small intricate mecha- 
nisms, in fact he had few equals in this field. In 1908 this company 
was merged into the Union Typewriter Company and Major Barr was 
appointed chief engineer in charge of development. Later this com- 
pany, in turn, was merged into the Remington Typewriter Company 
and he was moved to the company’s headquarters in New York, still 
in charge of development work. 

It was during his years with these companies that Major Barr did 
his most important inventive work. This embraced the major por- 
tion of the invention of the famous Smith-Premier No. 10 visible 
typewriter and various other important features of other models; 
and the complete design of a portable typewriter having a standard 
single-shift keyboard and much more compact than any standard 
keyboard machine then on the market. This was the original Rem- 
ington portable typewriter. During the course of these develop- 
ments he was granted about sixty United States patents, and numer- 
ous foreign patents have been secured on his inventions. He also 
held a patent for a complete and comprehensive multiplying machine. 

When the World War broke out he volunteered for service and was 
commissioned a major in September, 1917. He was assigned to duty 
at the Office of the Chief of Ordnance, Washington, D.C., where he 
served until October, 1918, in charge of the design of airplane bomb- 
ing equipment. In October, 1918, he was sent to France, with head- 
quarters in Paris, and attached to the Air Service of the American 
Expeditionary Forces in charge of the bomb unit of the aircraft arma- 
ment section. He served in this capacity during the remainder of 
the war and was discharged in Washington on March 10, 1919. 
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On his discharge from military service he renewed his connection 
with the Remington Typewriter Company and remained with that 
company until 1923, when he went to Ithaca to help organize the 
Barr-Morse Corporation, of which the late Frank Morse was presi- 
dent and Major Barr was vice-president. The corporation engaged 
in the manufacture of typewriters on the basis of patents held by 
Major Barr. A few years prior to his death he disposed of his in- 
terest in this corporation and since then had been living somewhat in 
retirement at his home in Ithaca. 

Major Barr was for some years very active in the A.S.M.E., of 
which he became a member in 1889. He was a manager and member 
of Council, 1915-1918; a member of the Meetings Committee, 1913- 
1917, and its chairman in 1915; a member of the Nominating Com- 
mittee, 1914; a member of the Committee on Protection of Industrial 
Workers, 1915-1920, and its chairman during the first two years of 
this period. He took part in the early standardization work of the 
Society, serving on the Special Committee on Engineering Standards, 
1911-1912, Special Committee on Bureau of Information Respecting 
Engineering Standards in All Countries, 1913-1914, Special Standard- 
izing Committee, 1915, and Standing Committee on Standardization, 
1916. He was a member of two committees formed in 1917—the 
Committee on Engineering Resources (personnel available for war 
service) and that on cooperation with the U.S. Bureau of Standards 
on the certification of gages for munitions. He was also one of the 
five representatives of the A.S.M.E. on the Engineering Council 
formed in 1917 by the United Engineering Society. 

Major Barr was always interested in all civic matters. From 1903 
to 1915 he was a member of the New York State Voting Machine 
Commission, charged with examining and approving voting machines 
for use in the State; he was chairman of the Commission, 1907-1915. 
While he lived in Syracuse he was a member of the Lighting Commis- 
sion of that city, and of the Syracuse Intercepting Sewer Commission, 
which had charge of the construction of main sewers, flood control of 
streams entering the city, and the erection of a sewage-disposal 
plant. He was a past-president of the Syracuse Chamber of Com- 
merce. 

Among other activities he was for ten years a member of the Board 
of Trustees of Cornell University and also a trustee of the Ithaca 
Savings Bank. 

During his teaching career Major Barr published a number of 
scientific papers, the most important of which was the result of an 
extended research and entitled ‘‘Current Practice in Engine Pro- 
portions” (Trans. A.S.M.E., vol. 18, 1897). His most important 
books are ‘‘Kinematics of Machinery,”’ already noted, and ‘‘Ele- 
ments of Machine Design" (with Dexter S. Kimball). He was a 
member of The Franklin Institute; Fellow of the American Associa- 
tion for the Advancement of Science; Honorary Member of the Tech- 
nology Club of Syracuse, of which he was one of the founders; former 
member of the Engineers’ Club of New York; and a member of 
Sigma Xi, Tau Beta Pi, and Psi Upsilon fraternities. 

Major Barr was married in 1884 to Katherine Kennedy of Min- 
neapolis. Mrs. Barr and one son, John H. Barr, Jr., of Philipsburg, 
Pa., survive him. 

Major Barr possessed a brilliant mind and his powers of analysis 
were quite remarkable. He was a man of highest integrity and all 
who knew him had great faith in him. While of a rather quiet dis- 
position he was a charming companion and possessed a fund of quiet 
humor. He made friends readily and a very large circle of friends and 
acquaintances mourn his passing. He typified the engineer at his 
best.—[Memorial prepared by Dexter 8S. Ithaca, N.Y., 
Fellow and Past-President, A.S.M.E.] 


PAUL WILLIAM BELCHER (1884-1936) 


Paul William Belcher, Inter-Mountain District representative of the 
Coppus Engineering Corporation at Salt Lake City, Utah, died in 
that city on February 28, 1936, after an illness of several months. A 
major in the Cavalry Reserve, he was buried with military honors in 
Salt Lake City. 

Mr. Belcher was born on January 4, 1884, in Waukegan, IIl., son 
of Edward A. and Catherine (Dooly) Belcher. He attended the Salt 
Lake High School and University of Utah, but took his degree, a 


B.S. in mechanical engineering, at the University of Pennsylvania in | 


1910. He then entered the employ of the Indiana Steel Company, 
Gary, Ind., working in uhe Gas Engine Department as a mechanical 
draftsman, test engineer, and shop inspector. He was there until 
August, 1911, and again from February to June the following year. 
In the interim he was with the Ray Consolidated Copper Company 
and American Smelting & Refining Co., at Hayden, Ariz., as mechani- 
cal draftsman. 

In July, 1912, he became attached to the Engineers Office of the 
U.S. Engineer Department at Seattle, Wash., as mechanical drafts- 
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man. He was promoted to junior mechanical engineer at the end of 
1913 and in April, 1916, was transferred to the office at San Francisco, 
Calif. There he was in charge of new design and maintenance of 
mechanical equipment used in the improvement of rivers and harbors 
in the district, and as assistant to the district officer acted as pur- 
chasing agent and prepared proposals and specifications. 

On March 22, 1917, he was appointed first lieutenant in the En- 
gineers Officers’ Reserve Corps and the following May was assigned 
to active duty and ordered to Washington to report to the officer in 
charge of the Engineer Depot. He was sent to Brooklyn, N.Y., 
early in June for duty in the Field Inspection Service in the plant of 
the Sperry Gyroscope Company, where he remained until November. 
He was then attached to the Provisional Searchlight Department at 
Washington Barracks, D.C., and served with the 56th Engineers 
there from January 4 to 26, 1918, when he was transferred to the 
Genera] Engineer Depot, Washington, and placed in charge of the 
Testing Department of the Mechanical Division. He was promoted 
to captain, Engineers, in May, 1918. 

Captain Belcher continued in service for a time after the close of 
the war. In January, 1919, he was assigned to the Engineer School 
Detachment at Washington Barracks, and in April to the Engineer 
School at Camp Humphreys. In June he was assigned to the 5th 
Engineers, from which he was honorably discharged on July 21, 
1919, at Camp Humphreys. 

In December, 1919, he accepted an appointment as captain in 
the Engineers Officers’ Reserve Corps. He was transferred to the 
Cavalry Officers’ Reserve Corps in 1923, and reappointed captain in 
that corps in November, 1924. He was promoted to the rank of 
major in the Cavalry Reserve in January, 1928, and reappointed five 
years later. He was on active duty for two-week periods in the 
summers of 1924, 1926, 1927, 1928, 1929, 1930, and 1933. 

Following his discharge in 1919, Mr. Belcher took the position of 
superintendent of power stations and new construction for the 
Coronet Phosphate Company in southern Florida. He was engaged 
in that work until August, 1920, when he took up private practice in 
Salt Lake City, working on designs, estimates, and the erection of 
power and industrial plants, pumping stations, and other structures. 
He was also sales representative for a number of conipanies handling 
power plant and pumping equipment. He had been Inter-Mountain 
District representative for the Coppus Engineering Corporation at 
Salt Lake City since 1922, and was regarded as an exceptionally able 
engineer in his field. 

Major Belcher became an associate-member of the A.S.M.E. in 
1916 and a member five years later. He is survived by his widow, 
Margaret Ellen McC. Belcher, of San Francisco. 


JOSEPH MAJOR BELL (1852-1936) 


Joseph Major Bell, from 1902 to 1920 mechanical engineer for the 
Tube Works Department of the Reading Iron Company, Reading, 
Pa., died at his home in Media, Pa., on October 1, 1936. He was 
born at Phoenixville, Pa., on June 20, 1852, son of Joseph and Mary 
Bell. Following his graduation from the Reading High School in 
1868, he served a four-year apprenticeship as a machinist at the 
Scott Foundry of the Reading Iron Company, then was assistant in 
the drafting room for four years, and chief draftsman for three. 

In 1879 Mr. Bell became associated with the Chester Pipe & Tube 
Co., Chester, Pa., where he filled at various times the positions of mill 
foreman, assistant superintendent, superintendent, and mechanical 
engineer. He also supervised the installation of gas mains for 
Chester and was inspecting engineer during the construction of a 
carbureted water-gas plant for the Delaware County Gas Company 
in 1891. In 1899 his company was absorbed by the National Tube 
Company and Mr. Bell joined with others and built the works of the 
South Chester Tube Company, of which he was mechanical engineer 
and superintendent. Neither this nor the Keystone Tube Company, 
a subsequent venture, was of long duration, and in 1902 Mr. Bell was 
asked to return to the Reading Iron Company to rebuild and modern- 
ize the old Tube Works. He remained with the company as mechani- 
cal engineer of the Tube Works Department until ill health caused 
him to resign on January 1, 1920, devoting himself entirely during 
these years to the manufacture of welded genuine puddled wrought- 
iron pipe for oil, gas, steam, and water. 

Mr. Bell had been a member of the A.S.M.E. since 1899. Reserved 
in nature, he took part in public affairs only during the World War, 
when he was district chairman for all Liberty Loan and Victory Loan 
Drives in Reading. Always having a keen interest in word deriva- 
tion, he found pleasure in the years following his retirement in the 
solving of difficult cross-word puzzles. 

Surviving Mr. Bell are his widow, Esther (Fisher) Bell, whom he 
married in 1876, and three children, J. Perey and Esther F. Bell, and 
Katherine (Bell) Kissinger. 
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CHARLES HENRY BENJAMIN (1856-1937) 


Charles Henry Benjamin, dean emeritus of the Schools of Engineer- 
ing of Purdue University, died on August 2, 1937, at the home of his 
daughter, Mrs. C. G. Woodbury, in Washington, D.C. He had been 
a member of the A.S.M.E. since 1892 and served as one of its vice- 
presidents in 1916-1918. He was elected a Fellow of the Society a 
few months before his death. He was chairman of the Special Com- 
mittee on the Standardization of Steel Roller Chains from its first 
meeting in 1917 until 1921, and was also chairman of the post-war 
committee on the rehabilitation of blind soldiers. The Transactions 
of the Society contain a number of papers and discussions relating to 
his investigations on the bursting of flywheels, experiments on cast- 
iron cylinders and spiral springs, friction of steam packings and ball 
bearings, smoke abatement, and other subjects. 

Dr. Benjamin was born of colonial ancestry on August 29, 1856, at 
Patten, at that time one of the northern frontier settlements of Maine. 
He had a strong inclination toward mechanical pursuits, and after 
graduating from the local academy he served a three-year apprentice- 
ship as machinist in the shops of Benjamin and Allen, at Oakland, 
Me. He then entered the new land-grant State College of Agriculture 
and the Mechanic Arts, now called the University of Maine, which had 
been opened in 1868. He spent a year there (1877-1878) as a special 
student in mechanical engineering, was principal of the Patten Acad- 
emy the following year, and in 1879-1880 was employed at Lawrence, 
Mass., acquiring practical shop experience with the McKay Sewing 
Machine Association. He returned to the college to serve as an in- 
structor in 1880 and received an M.E. degree in June, 1881. He con- 
tinued on the faculty of the college until 1887, holding a full profes- 
sorship during the last six years. 

In January, 1887, he accepted a position as assistant manager and 
mechanical engineer of the McKay & Bigelow Heeling Machine Asso- 
ciation, of Boston and Lawrence, with which he continued until the 
opening of the school year in 1889. He had charge of the factory 
and city offices of the company and devoted considerable time to a 
review of patents on this class of machines. 

In 1889-he entered upon the duties of professor of mechanical en- 
gineering at the Case School of Applied Science, where he remained 
until 1907. Here, as well as at the college of Maine, he had the op- 
portunity of planning and building new shops for the work in me- 
chanical engineering. In 1900 the mayor of Cleveland appointed 
him supervising engineer of the city, in charge of the installation of 
boilers and furnaces for the purpose of abating the smoke nuisance. 
He continued in this position for two years, resigning on account of 
the press of college work. 

His record at Cleveland as an engineering teacher and consultant 
was so outstanding that in 1907 Professor Benjamin was invited to 
accept the deanship of the Schools of Engineering at Purdue Univer- 
sity. He served in that capacity until his retirement in 1921, and 
during the last five years was also director of the Engineering Experi- 
ment Station of the university. 

Dean Benjamin was a worthy successor of Dean W. F. M. Goss, 
past-president, A.S.M.E., and did much to increase the already great 
reputation of the Engineering Schools of Purdue University. The 
undergraduate curricula were largely recast, liberalized, and im- 
proved, and the number of engineering students more than doubled 
during his residence as dean. Graduate work, then practically non- 
existent exept for the non-resident candidates for professional de- 
grees, was greatly expanded under his direction. He did much to 
encourage and enlarge the facilities for research and his efforts in this 
field resulted in the organization of the Purdue University Engineering 
Experiment Station in 1917. He personally conducted several im- 
portant research projects, such as smoke prevention, and the centrifu- 
gal effects of rapidly rotating machines. He was the author of books 
on machine design, steam engines, and machine tools, his book on the 
last-named subject having been translated into several foreign 
languages. 

Dean Benjamin received honorary degrees from both Case School 
of Applied Science and the University of Maine—Doctor of Engineer- 
ing from the former and Doctor of Laws from the latter. 

He was a member of the American Railway Association and served 
as chairman of its Committee on Brake Beams and Brake Shoes for a 
number of years. He also belonged to the Master Car Builders’ 
Association, Western Railway Club, Society for the Promotion of 
Engineering Education, and the honorary societies, Tau Beta Pi and 
Sigma Xi, and was an honorary member of the Cleveland Engineering 
Society. He was a member of the Unitarian Church in Cleveland 
and was for many years president of its board of trustees. 

Dean Benjamin is survived by his widow, Cora Louise (Benson) 
Benjamin, whom he married in 1879, and by his daughter, Marion. 

The strong personality of Dean Benjamin left a definite impres- 
sion on all who came in contact with him. His general culture, his 
wide acquaintance with literature and science, and his broad toler- 
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ance made him a most interesting companion and a guide of youth. 
His pungent wit and droll sayings are still recalled by his friends. 
Besides his contributions to technology and education his breadth of 
interest was most varied, and included astronomy, poetry, and fic- 
tion, as well as superior talent as an artist, in which field he was 
recognized by numerous invitations to exhibit his water-color paint- 
ings in the major art centers. During the period of his retirement his 
avocations, particularly his landscape painting, added much to his 
happiness as well as to that of his friends. His aesthetic talents, 
his scientific thoroughness, and the sterling qualities of his character 
have contributed greatly to the distinctive atmosphere of Maine, 
Case, and Purdue, the three educational institutions where his life 
work was done.—[Memorial prepared by A. A. Porrrer, Lafayette, 
Ind., Fellow and Past-President, A.S.M.E. ] 


CHRISTIAN PAULSEN BERG (1882-1936) 


Christian Paulsen Berg was born at Harstad, Norway, on July 25, 
1882, son of Paul Michalsen and Otine Marie Berg. After securing 
the equivalent of a high-school education through private instruction, 
he entered the technical school at Horten, Norway, from which he 
was graduated in mechanical engineering in 1901. He worked on the 
design and construction of steamboats and engines at Harstad for 
about two years, then came to the United States, where he became a 
naturalized citizen in 1908. 

During the summer of 1904 Mr. Berg was employed by Tinius 
Olsen & Co., Philadelphia, Pa., on the design of testing machinery and 
hydraulic presses. He then took a position with the Link-Belt Com- 
pany in that city, working on time-study and shop methods. In the 
spring of 1907 he was transferred to Chicago, Ill., where he had charge 
of similar work until December 1, 1912. At that time he took up pro- 
fessional consulting practice in industrial management in Chicago, 
as a member of the firm of Drake & Berg, Inc. In 1932 he returned 
to the Link-Belt Company, where he did much to further systematize 
routine in both shop and office. A news release by the company at 
the time of his death referred to him as ‘‘a man who contributed a 
lifetime to reduce lost motion, systematize shop practice, and es- 
tablish scientific management, with the aid of time-study and motion- 
analysis surveys. He not only was an outstanding mathematician 
and exceedingly capable efficiency engineer, but, for many years in 
a severely crippled condition, he was particularly admired for his 
fortitude and dogged determination to carry on as if he were in the 
best of physical condition.” 

Mr. Berg became a member of the A.S.M.E. in 1913, and also 
belonged to the Western Society of Engineers, which gave him the 
Chanute Medal in 1910 for his paper on ‘‘Heat Treatment of High- 
Speed Tools.’’ He had secured a patent on ‘‘Autom ready-mixed 
lime mortar plants,’’ and had applied for patents on recent research 
work. He was a Royal Arch Mason and a member of the Mystic 
Shrine. 

His death, from arthritis, occurred on July 4, 1936. He is survived 
by his widow, Mae Olive (Mathews) Berg, whom he married in 1912, 
and by a son, Eugene P. Berg, of Wilmette, II. 


WILLIAM GRANT BLACK (1877-1936) 


William Grant Black, vice-president of the Chesapeake & Ohio 
Ry. Co., Nickel Plate Road, and Pére Marquette Ry. Co., in charge of 
the mechanical, purchasing, and stores departments, died at a hos- 
pital in Cleveland, Ohio, on June 20, 1936, after a prolonged illness. 
He was a recent member of the A.S.M.E., which he joined in 1933. 

He was born at Lima, Ohio, on April 19, 1877, son of John Alexan- 
der and Kate (Hardesty) Black. His father and grandfather were 
locomotive shop foremen, and he spent most of his life in railroad 
work. He attended business college and the Armour Institute of 
Technology, the latter while serving an apprenticeship as a machinist 
with the Nickel Plate Road. After working as machinist for three- 
year periods with the Illinois Central Railroad and Illinois Steel 
Company, he returned to the Nickel Plate Road, where he was em- 
ployed successively as machinist, machinist foreman, engine house 
foreman, master mechanic, and superintendent of motive power. 
He attracted the attention of John J. Bernet, president of the Nickel 
Plate, in connection with the rehabilitation of that road. As stated 
in a tribute by L. C. Probert, vice-president of the Chesapeake & 
Ohio Lines, published in The Rail, ‘‘The two men saw eye to eye for 
higher steam pressures, greater boiler capacity, greater coal and water 
capacity, higher speeds, and greater pulling power.’”” When Mr. Ber- 
net became president of the Erie Railroad in February, 1927, Mr. 
Black went with him as his mechanical assistant, taking over the 
reorganization of motive power and equipment. In July, 1929, 
Mr. Black followed Mr. Bernet to the Chesapeake & Ohio and Pére 
Marquette Railways. Here, as Mr. Probert says, ‘‘Besides his duties 
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as head of the mechanical departments he took over the job of re- 
organizing and administering the purchases and stores departments. 
He worked wonders in motive power and equipment, and the last 
locomotives he designed for the Chesapeake and Ohio road embrace 
advanced features which are to be adopted as standard on American 
railroads.”” He was made assistant vice-president of these roads on 
November 1, 1931, and on April 17, 1933, vice-president of them and 
of the Nickel Plate. 

Mr. Black is survived by his widow, Lenore (Packard) Black, and 
by one son, William G. Black, Jr., of Chicago, Ill. 


ADELBERT NORTON BOGART (1862-1936) 


Adelbert Norton Bogart was born at Susquehanna, Pa., on Sep- 
tember 16, 1862, son of Garret and Lois (Taylor) Bogart. His early 
education was secured in private and public schools, and at the age 
of fifteen he entered upon an apprenticeship as a machinist at the 
silverware works of Tiffany & Co., New York. During his appren- 
ticeship he also attended night classes in mechanical drawing at the 
Mechanic's and Tradesman’s Library. 

In 1880 he began taking instruction as a toolmaker with the hard- 
ware company of Van Wagener & Williams, New York, for which he 
subsequently did drafting and designing. He became machinist at 
the Smith Carpet Works ii. Yonkers, N.Y., in 1882 and remained there 
for six years, assisting in the improvement of looms and other ma- 
chines. He then returned to New York in the position of first as- 
sistant at the Mills Building, where he became chief engineer in 1894, 
succeeding his father. He not only was in charge of the operating 
force and all mechanical matters, but also reconstructed the entire 
plant, selected and devised new machinery, and developed a record- 
keeping system. After the building was torn down in 1926 he con- 
tinued to serve as supervisor of the Mills Estate Trust until 1932, 
which included the Mills Hotels and the entire rebuilding of the Home 
for Incurables. 

Continuing his studies during his early years at the Mills Building 
he received a diploma as stationary engineer from the International 
Correspondence Schools in 1908 and a certificate as master operating 
engineer from the Institute of Operating Engineers in 1911. 

His death occurred on May 23, 1936, at his home in Brooklyn, over 
which his daughter, Mrs. Charles W. Gulbrandsen, had presided 
since the death of Mrs. Bogart in 1923. He had lived at that address 
for twenty-five years. 

Mr. Bogart became a member of the A.S.M.E. in 1920. 
belonged to the Masonic fraternity. 


He also 


JOHN JEFFERSON BRADY (1870-1937) 


John Jefferson Brady, who died of pneumonia on September 17, 
1937, in Boston, Mass., had been connected with the Combustion 
Engineering Co., Inc., as sales manager in the Boston district, since it 
acquired the Heine Boiler Company, for which he had previously 
worked. He began his association with the Heine organization in 
1909, in the Engineering Department of the Heine Safety Boiler 
Company, as it was then known. He became sales manager for the 
New England territory in 1914. 

Mr. Brady was a native of Baltimore, Md., where he was born on 
February 4, 1870, son of James and Rose (Golden) Brady. He at- 
tended Baltimore public schools, the Calvert Hall School, and Mary- 
land Institute, graduating from the institute in 1892 as a mechanical 
draftsman. He began an apprenticeship as a machinist at the Mt. 
Clare shops of the Baltimore & Ohio R.R. in 1891 and completed it in 
1895. During the next four years he worked in the drafting room at 
these shops. 

From 1899 until 1909 he was employed by the New York Central 
& Hudson River R.R. He served as mechanical engineer in the mo- 
tive power department and for the Mohawk and Hudson Divisions 
during the first years, did special engineering work for the Pennsyl- 
vania Division in 1905-1906, and subsequently was general foreman of 
the shops at Minoa, N.Y., and superintendent of roundhouses for the 
Mohawk Division. 

Mr. Brady became an associate-member of the A.S.M.E. in 1918 
and was automatically transferred to full membership in 1935. He 
also belonged to the Engineers Club, Boston. He is survived by his 
widow, Helen (Krafft) Brady. 


EDWARD MICHAEL BRENNAN (1888-1936) 


Edward Michael Brennan, president and general manager of the 
Armstrong Furnace Company, Columbus, Ohio, died in that city on 
April 24, 1936. He is survived by his widow, Ruth (Slocum) Bren- 
nan, whom he married in 1920, and by a daughter, Jane. 

Mr. Brennan was born in Indianapolis, Ind., on February 22, 1888, 
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son of Michael A. and Leonto E. (Brooks) Brennan. He attended 
the public schools and Shortridge High School in Indianapolis and 
was graduated from Rose Polytechnic Institute in 1909 with a B.S. 
degree in mechanical engineering. During the next five years he 
worked for the Vandalia Railroad (Pennsylvania Lines west of Pitts- 
burgh), at Terre Haute, first as draftsman, inspector of materials, 
and test engineer, and later as assistant general foreman of the 
Motive Power Department. 

In 1914-1915 Mr. Brennan was junior mechanical engineer for the 
Division of Valuation of the Interstate Commerce Commission at 
Cha tanooga, Tenn. Then he went to Buffalo, N.Y., where he was 
employed in the Engineering Department of the Curtiss Aeroplane 
Company in 1915-1916. He next took the position of mechanical 
experimental engineer, having to do with changes and improvements 
in equipment, processes, and products, for E. I. du Pont de Nemours 
& Co., at Arlington, N.J. 

Mr. Brennan was given leave of absence in 1917 to enter the Army 
and attended the Officers’ Training Camps at Ft. Benjamin Harrison, 
Indiana, and Ft. Leavenworth, Kansas. He was commissioned a 
first lieutenant in the 309th Engineers, 84th Division, and served at 
Camp Taylor, Kentucky, Camp Sherman, Ohio, and with the Ameri- 
can Expeditionary Forces. He was a member of the Industries 
Division of the War Damages Board, American Commission to Ne- 
gotiate Peace, Paris, 1919. 

After returning to the United States Mr. Brennan took a position 
as mechanical engineer in charge of cottonseed-oil mill operations 
with the American Cotton Oil Company, of New York and Memphis, 
Tenn. He continued in this work until 1924, then after serving as 
mechanical engineer on machinery installations at the Kearny, N.J., 
plant of the Western Electric Company, he became chief engineer 
for the Bauer Bros. Co., Springfield, Ohio. During about seven years 
spent with that company in charge of design, experimental and de- 
velopment work for cottonseed-oil mills, general grinding, crushing, 
and separating, paper and pulp mills, and special branches of the food 
industry, Mr. Brennan was granted a number of individual and joint 
patents on special equipment for the company. 

After leaving that position in July, 1932, he was unemployed until 
the spring of 1935, when he was engaged to assist in a rural electri- 
fication survey in Indiana. He became president and general man- 
ager of The Armstrong Furnace Company in October of that year. 

Mr. Brennan became an associate-member of the A.S.M.E. in 
1916 and a member four years later. 


HOWARD LATRAM BRIGHTMAN (1886-1937) 


Howard Latham Brightman was born at Youngstown, Ohio, on 
December 4, 1886, son of Latham Head and Hannah Elizabeth (Wil- 
cox) Brightman. He attended high school at Shelby, Ohio, where 
the Brightman Manufacturing Company, established in 1897 by his 
father, was located. He worked in the machinery, nut, and shafting 
departments of the company during his summer vacations, during 
both his high-school and college years, and also for the year 1906— 
1907. He secured his technical education at the Case School of 
Applied Science, where he spent a year, and at The Ohio State Uni- 
versity, from which he was graduated with an M.E. degree in 1910. 

Following his graduation, he entered the field of operations of the 
Brightman Manufacturing Company. In December of that year the 
Shelby plant of the company was destroyed by fire. He had charge 
of salvaging the plant and assisted in establishing a new plant at South 
Columbus, of which he was made superintendent in August, 1911, and 
works manager in March, 1915. The firm manufactured shafting 
and shafting machinery for iron and steel works, turned and drawn 
shafting, and ‘‘Superior’’ cold full-finished nuts. Mr. Brightman 
assisted in the development of machinery for making automobile 
steel nuts and full-finished nuts from hexagon bar steel; also ma- 
chinery for finishing alloy steels. He continued as works manager until 
1922, when he and his three brothers, C. W., G. F., and Harrison M. 
Brightman, organized The Brightman Bros. Co., of which he was 
made secretary. Five years later, when the company was dissolved, 
Harrison, who had been its vice-president, went to Pittsburgh, sub- 
sequently becoming chief engineer and assistant to the president of 
the Columbia Steel & Shafting Co. of that city. In 1928 Howard 
Brightman became sales engineer for this company, with office in 
Dayton, Ohio, in which work he was engaged until 1931. He then 
entered the employ of the Kinnear Manufacturing Company, Colum- 
bus, as assistant to the works manager, and he continued in this ca- 
pacity until his death on May 10, 1937. 

Mr. Brightman became an associate-member of the A.S.M.E. in 
1917 and was automatically transferred to full membership in 1935. 
He was a Master Mason, Knight Templar, Shriner, and member of 
the Scottish Rite and Chi Phi fraternity. His first wife, Mary E. 
Huber, whom he married in 1911, died in 1927, and two years later he 
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married Amy Courtenay Brightman, widow of his twin brother, 
Joseph Herbert, who had died in 1922. He is survived by her and 
her three children, Joan, Mary Ellen, and Austin, as well as by his 
daughter, Rosemary, and son, William, and his other brothers. 


HENRY GORDON BRINCKERHOFF (1869-1936) 


Henry Gordon Brinckerhoff was born in Brooklyn, N.Y., on July 
6, 1869, son of Henry Waller and Edith Adams (Barry) Brinckerhoff. 
His father was a civil engineer who was commissioned in the Navy 
by President Grant, and his grandfather, Dr. Isaac Brinckerhoff, 
was surgeon on Old Ironsides. 

Mr. Brinckerhoff was educated in Brooklyn, attending the public 
schools and Adelphi Academy there. He served as a private in Com- 
pany F, 23rd Regiment, National Guard of New York, from about 
1888 to 1892. In 1892 he became New England manager for the 
Green Fuel Economizer Company, in which position he continued 
until 1914. Then, after two years as general manager of the Key- 
stone Stoker Company, he established his own office in Boston to 
serve as Manufacturers’ agent for the sale of industrial and engineering 
equipment in the six New England states. In ‘‘Who’s Who in En- 
gineering” for 1922-1923 is found the following review of his work 
up to that time: 

‘*The H. Gordon Brinckerhoff Co., of which he is general manager 
and active head, has sold and installed several million dollars’ worth 
of apparatus, machinery, etc., to leading factories, public utilities and 
institutions in various sections of the country. Many of the con- 
tracts undertaken required originality of design and involved re- 
sponsibility for foundations, building construction, etc. The con- 
tracts were varied, comprising industrial systems for drying, heating, 
ventilation, conveying and movement of shop materials pneumati- 
cally or by directly applied power, as well as engineering systems for 
increasing power plant efficiency by improving the combustion, 
regulation of draft and coal feed, purifying and increasing tempera- 
ture of feedwater, super-heating steam, etc.” 

Mr. Brinckerhoff had represented The Engineer Company of New 
York continuously since 1916. Among more recent connections were 
the Elgin Water Softener Company, Elgin, Ill., Ess Instrument Com- 
pany, New York, and Carling Turbine Blower Company, Worcester, 
Mass. 

Much of his experience was set forth by Mr. Brinckerhoff in articles 
on power, combustion, fuel, and related subjects published in the 
technical press and presented before engineering societies. 

Mr. Brinckerhoff had been a member of the A.S.M.E. since 1917. 
He was at one time, for a period of some years, a member of the 
National Association of Cotton Manufacturers. He belonged to 
the Boston Athletic Association and Boston Yacht Club and en- 
joyed golf and yachting in his younger years, but had withdrawn from 
these and from the Engineers Club, Boston, and the Holiand Society 
of New York, as increasing deafness made it impossible for him to 
enjoy their activities. 

The death of Mr. Brinckerhoff occurred at his home in Cambridge, 
Mass., on July 17, 1936. He is survived by his widow, Alys (Swift) 
Brinckerhoff, whom he married in 1892, and by two sons, H. Winship 
and Laurence Gordon Brinckerhoff. 


CHARLES BROSSMAN (1877-1937) 


Charles Brossman, a member of the A.S.M.E. since 1918, and a 
well-known consulting engineer of Indianapolis, Ind., died at his 
summer home in Monticello, Ind., on June 30, 1937. 

Mr. Brossman was born on January 17, 1877, in Philadelphia, Pa. 
He was the son of Charles G. E. and Emily (Kohler) Brossman. He 
was educated in the Philadelphia grade schools and was graduated 
from the Philadelphia Manual Training High School in 1896. 

On September 7, 1903; he was married to Mary Edith Dean of 
Indianapolis. To the marriage were born three children: Mrs. 
Francis W. Meyer of Indianapolis, and Mrs. Frank Parrish and 
Charles Dean Brossman of New York. 

Mr. Brossman began his engineering work with Willyoung & Co., 
of Philadelphia, makers of scientific instruments. Later, he was with 
the Baldwin Locomotive Works at Philadelphia from 1896 to 1899, 
where he acted in the capacity of draftsman and designing engineer 
and was also in charge of erection. A part of this period was spent 
in the Spanish-American War. From 1900 to 1903, he was chief 
engineer for the L. K. Davis Co., in the design of thirty-million- 
gallon triple-expansion pumping engines and a filtration plant for the 
Indianapolis Water Company. He also acted in the capacity of 
assistant engineer for Dean and Shebley, contractors, on the $2,500,- 
000 filtration plant at Washington, D.C. Late in 1903 he established 
offices as a consulting engineer in Indianapolis, specializing in power 
plants, sewage-disposal plants, and water-works design. 
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Mr. Brossman was the author of more than forty published articles 
on various engineering subjects, some of which have been incor- 
porated in textbooks used in our universities. He has held many 
positions of high trust in various engineering organizations, and in 
state and governmental departments. 

During his lifetime he patented a number of processes and mechani- 
cal devices, best known of which were a vacuum heating valve, an 
underfeed stoker, a sewage sludge-treatment process, a rotary dis- 
tributor, and a sludge drying and heating process. 

In 1908 he was one of the organizers of the Association for the 
Study and Exchange of Information Pertaining to the Sources of 
Water Supply in Indiana, Their Preservation and Purification, and 
he was one of the strongest supporters of the aims and ideals of the 
association. 

Mr. Brossman served as chairman of the Indianapolis Section of 
the A.S.M.E. in 1920. He was affiliated with other organizations 
as follows: 


American Society of Civil Engineers—president, Indiana Sec- 
tion, 1937 

American Institute of Electrical Engineers—trustee, 1930 

American Water Works Association 

Society of American Military Engineers 

Indiana Engineering Society—secretary-treasurer over a period 
of 20 years and president in 1930 

Indiana Sanitary and Water Supply Association—past-president 

Indiana Academy of Science 

Advisory Committee, State Administrative Building Council 

Indianapolis Chamber of Commerce—chairman, Engineering 
Division 

Construction League of Indianapolis—director, 1937. 


Mr. Brossman also held membership in the Woodstock Country 
Club, the Columbia Club, the Indianapolis Athletic Club, the Ma- 
sonic Lodge, the Scottish Rite, the Indianapolis Rotary Club, the 
Irvington Dramatic Club, the Spanish-American War Veterans, and 
All Souls Unitarian Church. 

As a patriotic and loyal American citizen, Mr. Brossman will be 
best remembered for his services in the Spanish-American War, 
where he served as a member of the expedition to Puerto Rico. In 
the World War he was fuel administrator for the State of Indiana. 

To his many friends he was affectionately known as Charlie and 
few were the engineering gatherings in Indiana at which he was not 
present. A cordial disposition made for him many friends and they 
were scattered over a large area. As monuments to his labors are the 
water-works plants at Huntington, Ind., which he designed and 
erected; also the water-works plants at Kentland, Plainfield, Van 
Buren, Peru, Batesville, Thorntown, and Dunkirk, all in Indiana, 
and the plants at Kenton and Payne in Ohio. He also designed and 
erected the electric-power plants at Huntingburg, Columbia City, 
Westport, and Batesville. 

While essentially an engineer, and he was devoted to his profession, 
he was fond of dramatics, was an ardent fisherman, and loved the 
great outdoors. While getting the best out of life he was not un- 
mindful of the spiritual obligations of mankind and was usually 
found in attendance at church on Sunday with the creed of his af- 
filiation. 

Warned five years before his death by his physician, that he must 
decrease the tempo of his energies, he paid slight attention to the 
warning. A mind so full of driving power, and which had been so 
busy, was not prepared to accept the dictates of a tired body. 

Charles Brossman lived a full and useful life. As an engineer what 
he designed and built was economical in operation and dependable in 
performance. His fellow engineers respected his opinion and sought 
his advice. He was the head of a fine family and he lived to see his 
children all educated, married, and well launched on life’s busy way. 
He served his family, his profession, his country, and his community, 
and he left an example that might well ve emulated by others who seek 
to make a success of life-—[Memorial prepared by W. A. HANLEy, 
Indianapolis, Ind., Past Vice-President, A.S.M.E.] 


CHARLES ELI BURGOON (1872-1936) 


Charles Eli Burgoon, a member of the A.S.M.E. since 1907, died 
at his home in Hollywood, Fla., on September 20, 1936, after a short 
illness. 

Mr. Burgoon was a native of Texas, having been born at Estelle, 
Dallas County, on November 29, 1872, son of Henry and Mary 
Burgoon, both of whom are no longer living. He attended country 
schools in that state and was graduated from the Agricultural and 
Mechanical College of Texas with a B.M.E. degree in 1895. He re- 
mained at the college until 1901, serving for one year as assistant en- 
gineer of the electric-light plant, ice factory, and water works, and 
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during the remainder of the time being assistant professor of mechani- 
cal engineering. An M.E. degree was conferred upon him in 1899. 

From 1901 to 1904, Mr. Burgoon was engineer for the Southern 
Pacific Railroad Company at Houston, Texas. He was engaged in 
wood preservation and general engineering at first and then was 
signal foreman. He entered Cornell University in 1904, and took 
his M.E. the following year and M.M.E. in 1906. 

Mr. Burgoon’s first position after leaving Cornell was with the 
Fore River Shipbuilding Company, Quincy, Mass., as draftsman, and 
subsequently he held similar positions with the Edison Electric Il- 
luminating Company, of Brooklyn, and E. L. Phillips & Co., Engi- 
neers, New York. In 1908 he became chief engineer at the U.S. 
Custom House Building, New York, which led to his appointment as 
assistant inspector of electric-light plants, etc., under the control of 
the U.S. Treasury Department. He was assistant inspecting en- 
gineer for the Isthmian Canal Commission in 1909-1910 and inspector 
of electrical and mechanical engineering for The Panama Canal from 
1913 to 1915, with office in Washington, D.C. He served as chief 
engineer of the Federal Building in Chicago in 1910-1911 and during 
the next two years was manager of the Burgoon-Matthews Electric 
Company, of Atlanta, Ga., and Birmingham, Ala., dealing in whole- 
sale and retail electrical supplies. 

Terminating his work for the Panama Canal in 1915, Mr. Burgoon 
entered another field of engineering as chief mechanical and electrical 
engineer for The Carbolite Chemical Company (a subsidiary of the 
Tennessee Copper Company), at Copperhill, Tenn. He assisted in 
the design and supervised the construction and maintenance of a 
16-ton TNT plant, but it was destroyed by fire and not rebuilt, and 
Mr. Burgoon went to Cleveland, Ohio, to work for The Sandusky 
Cement Company. Serving successively as assistant to the general 
superintendent, assistant chief engineer, and chief engineer, he made 
observations on burning cement clinker in rotary kilns using fuel oil, 
producer gas, and pulverized coal as fuels; he also tested cement- 
plant equipment, especially waste-heat boilers, and directed the 
changing of a cement plant from the semi-wet process to the wet proc- 
ess. 

In 1918 he was appointed assistant engineer of the Air Nitrates 
Corporation. He assiste’ in the design and construction of Plant 
No. 2 at Muscle Shoz . and performed various special duties there. 
He was head of the Planning Division for the design and construction 
of Plants Nos. 3 and 4, in Ohio, but these plants were not completed. 

Mr. Burgoon was made senior examiner for the Emergency Fleet 
Corporation, Philadelphia, in 1919, and spent about a year in the 
examination of claims made against the Government in regard to 
eanceled war contracts. Upon the completion of this work Mr. 
Burgoon went to Havana, Cuba, where he was employed by the Cuba 
Cane Sugar Corporation to make a perpetual inventory and appraisal 
of sixteen centrals. This work being canceled because of the fi- 
nancial crisis, Mr. Burgoon was transferred to the testing division, 
examining various types of sugar-central equipment. 

In 1922 Mr. Burgoon was temporarily connected with McEwan 
Bros., at Whippany, N.J.,in combustion engineering work. He then 
went to Florida and after handling the distribution of automobile 
accessories in the state for a time, with headquarters at Jacksonville, 
he toox the position of assistant superintendent of the Morris Ferti- 
lizer Company, at Bartow. He became superintendent of the Phos- 
phate Mining Company, at Nichols, Fla., in 1924, and here also he 
had charge of production and maintenance in phosphate mines. 

Since 1926, with the exception of the year 1929-1930, when he was 
city manager of Hollywood, Mr. Burgoon had been connected, when 
employed, with the Maule Ojus Rock Company at Ojus, near Holly- 
wood. III health prevented his working in 1930 and the company was 
unable to retain him in 1932-1933. In the capacity of production 
manager and mechanical engineer he had to do with the quarrying 
of coral rock under water and its preparation for use, and the ex- 
pansion of the concrete plants and products of the company. 

Mr. Burgoon belonged to the Sigma Xi and Masonic fraternities, 
and to the Baptist Church in Hollywood. He married Ruth W. 
Ledbetter, of Birmingham, Ala., in 1914 and is survived by her and 
a daughter, Mary Draper Burgoon. 


THOMAS J. CAMPBELL, JR. (1913-1936) 


Thomas J. Campbell, Jr., son of Thomas J. and Emma Campbell, 
of Rock Island, Ill., died in the St. Francis Hospital, Freeport, IIl., 
on August 19, 1936, from injuries received in an accident near that 
city. Together with two other employees of the Auburn Stoker Com- 
pany of Moline, he was on his way to install a stoker in Freeport, 
when the truck in which they were riding failed to round a curve and 
overturned in a ditch, pinning Mr. Campbell beneath it. The others 
escaped with minor injuries. 

Mr. Campbell was born in Rock Island on April 3, 1913, and re- 
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ceived his early education there, attending St. Joseph’s Catholic 
School and being graduated from the high school in 1931. He then 
entered St. Ambrose College, Davenport, Iowa, from which he trans- 
ferred to the University of Illinois in 1935. He received his B.S. 
degree in June, 1936, and planned to return to the university in the fall 
to continue his studies in mechanical engineering. He had been em- 
ployed by the Auburn Stoker Company for about a week. 

Mr. Campbell became a student member of the A.S.M.E. during 
his senior year and transferred to the grade of junior member upon 
graduation. He was a member of St. Joseph’s Catholic Church, 
Rock Island, and of the Holy Name Society of the church. 

Surviving Mr. Campbell are his parents and three sisters, Mrs. 
Leo V. Martell, of Rock Island, Mrs. Frank Gross, of Sigourney, 
Iowa, and Miss Marcella Campbell, of Chicago. 


HENRY CHRISTOPHER CASHEN (1864-1936) 


Henry Christopher Cashen was born at West Hartford, Conn., 
on December 14, 1864, son of Anthony and Bridgett (Keough) 
Cashen. He spent his entire life in Connecticut, for many years 
master mechanic for The Bradley & Hubbard Manufacturing Co., 
Meriden, Conn. He was retired at the time of his death, which oc- 
curred at Meriden on May 19, 1936. 

Mr. Cashen attended elementary schools in West Hartford and the 
Academy at Windsor, from which he was graduated in 1878. Later 
he attended lecture courses at Yale University and took instruction 
through the International Correspondence Schools. He served an 
apprenticeship in plumbing and steam fitting with the firm of Mc- 
Cormack & Cashen, Meriden, during the four years following his 
graduation from the Windsor Academy. 

His connection with The Bradley & Hubbard Manufacturing Co. 
began in December, 1882, and continued until September, 1934. He 
was in charge of plumbing and heating until 1901, when he was made 
master mechanic for the company. In this capacity he was in 
charge of extensive alterations and additions to the plant, carried 
through without shutting down operations. In addition to the con- 
struction of entirely new buildings, he increased the number of stories 
on existing structures, put on new roofs, installed new heating, ele- 
vator, and power systems, increased water-supply reserve, put in 
improved handling facilities, installed new equipment and machinery, 
and provided better working conditions and safety devices. He was 
a recognized consultant on heating in his community, acting as heat 
conservator in Meriden during the World War, as well as military 
census agent. 

Mr. Cashen became an associate of the A.S.M.E. in 1917 and a 
member the following year. He was a member of the executive com- 
mittee of the Meriden Section for many years, serving as its chairman 
in 1925 and secretary-treasurer in 1931. He was a past exalted ruler 
in the Elks fraternal order, a past grand knight in the Knights of 
Columbus, and president of the Holy Name Society. 

Surviving Mr. Cashen are four married daughters, five sons, and 
twenty-six grandchildren. One son died while in the Navy during 
the World War, and his oldest daughter died at the age of twenty-one. 
His wife, Marietta (Smith) Cashen, whom he married in 1885, died 
in 1924. 


La RUE B. CHEVALIER (1878-1936) 


La Rue B. Chevalier, a member of the A.S.M.E. since 1914, died at 
the Westley Hospital in Wichita, Kan., on October 14, 1936. His 
widow, Ella M. Chevalier, whom he married in 1907, survives him. 

Mr. Chevalier was born in Philadelphia, Pa., on November 25, 
1878, son of Joseph and Ella Chevalier. He had a public-school edu- 
cation in Philadelphia and served an apprenticeship with the Abram 
Cox Stove Company of that city. He also took courses through the 
International Correspondence Schools. 

For some years Mr. Chevalier was associated with George S. 
Emerick, of Nazareth, Pa., in the manufacture of pulverizing and 
separating machinery for the reduction of refractory materials. He 
advanced from the position of shop foreman to that of superintendent 
and then took charge of the design, construction, and installation of 
machinery for cement and pulverizing plants for Mr. Emerick. He 
did considerable work for the Fredonia (Kan.) Portland Cement 
Company, designing and superintending the construction of a coal- 
grinding plant and installing machinery for it. He also was in charge 
of the design and installation of coal pulverizing and burning appara- 
tus for the metallurgical furnaces at the plant of the Edgar Zinc Com- 
pany at Cherrydale, Kan. 

In 1912 Mr. Chevalier became superintendent in charge of all de- 
partments of the plant of the United Iron Works at Iola, Kan. He 
remained with the company and its successor, the Kirk-Morrow Iron 
Works Company, for nearly twenty years, directing the design and 
construction of oil-storage tanks to 80,000-bbl capacity, as well as 
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all drilling and oil-production equipment. In 1931 he returned to 
Wichita to work on oil-well drilling equipment and general contract- 
ing for the Western Iron & Foundry Co. He was inactive in business 
after 1932. 

Mr. Chevalier had patented several items of equipment in the oil 
industry, including a flexible top oil tank; tapered wrist pin and crank 
for oil-drilling rigs; polished rod hanger for oil-drilling rigs; and bull 
and calf wheel shafts for oil-drilling rigs. 


WILLIAM LUCIUS CHURCHILL (1871-1937) 


The death of William Lucius Churchill, on March 8, 1937, brought 
to a close the career and work of another of the small group of engi- 
neers who pioneered in the field of industrial management. His en- 
tire life’s work, from boyhood to decease, was in industry, in occupa- 
tions which brought numerous relationships with many different con- 
cerns and kinds of enterprise, the common experience of a consulting 
engineer. He was one of the first to apply engineering methods to 
problems of business, particularly to the sales functions and activities 
of industrial concerns. 

He is survived by his wife, Myra E. (Gillam) Churchill, and four 
children, H. Lloyd, John K., and Ralph O. Churchill, and Ruth E. 
(Mrs. D. H.) Perkins. 

William Lucius Churchill was of New England lineage, having been 
born in Montpelier, Vt., on January 25, 1871, son of Lucius O. and 
Mary (Ricker) Churchill. His education was limited, a not unusual 
situation in the period of his boyhood. Beyond the grade schools he 
had the advantage of only a single semester in high school, and a three- 
years’ evening course in inorganic chemistry. 

Under the early necessity of going to work he entered the employ of 
the Lamson Store Service Company, Lowell, Mass., when but a boy, 
and continued with that company, his first employer, until he was 
thirty years of age. On leaving the Lamson Company, at the end of 
the year 1901, he went with the National Pneumatic Service Com- 
pany, Chicago, IIl., as designer and mechanical engineer. Here he 
developed an automatic, cable-operated, cash-carrier system for de- 
partment stores, on which he was allowed eleven patents. 

For three years, March, 1903, to March, 1906, he was superintend- 
ent for the Schreiber & Conchar Manufacturing Co., Dubuque, 
Iowa. Here he began his work in industrial management. The con- 
cern manufactured shelf and stove hardware, and operated a gray- 
iron foundry, and assembling and finishing departments. At this 
time shop management was just beginning to be a topic for considera- 
tion at engineering meetings and in trade and technical publications. 
How much Churchill may have been influenced by disclosures of this 
period, 1903-1906, and how far he was an independent pioneer can- 
not be known. However, he increased the output of the factory of 
Schreiber & Conchar by 8 per cent with a reduction in working force 
of 36 per cent; and more important still, he developed a method of 
foundry costing, which gave dependable costs and provided means to 
overcome one of the current causes of foundry failures. 

Churchill’s next connection was with the Yale & Towne Manufac- 
turing Co., Stamford, Conn., in the capacity of superintendent of 
rates. Here his work was distinctly industrial management. It in- 
cluded the standardization of day and piece rates, development of in- 
centives, time and motion studies, and development of mechanical 
means and accounting machinery for handling factory costs and pay- 
rolls. Results were achieved largely by methods that minimized in- 
terruptions in operation, through the influence of financial rewards for 
the employees. During this connection, which covered the years 
March, 1906, to August, 1908, he developed and published a descrip- 
tion of a graphic indicator for production control. 

Upon severing his connection with Yale & Towne, he began his 
consulting work, and for four years was on the staff of Stephen T. 
Williams & Staff, New York. During the latter part of this period he 
was chief of the industrial staff. His activities were those that com- 
monly come to a consulting engineer in industrial management and 
included means to: Increase production; lower costs; improve 
methods; reorganize industrial concerns; install incentives; improve 
industrial relations; and others. Two specific accomplishments of 
these years were the organization of ‘‘association costs’ to enable a 
central clearing house to determine costs of products for the members 
of the organization; and methods to thaw frozen Alaskan gold-bear- 
ing gravels by a hot-water system. 

In November, 1912, Churchill gave up consulting work and be- 
eame works manager for the McKinnon Dash Company, St. Catha- 
rines, Ont. During the little over two years when he was with this 


concern, he reorganized the factory departments into a coordinated 
whole, and put the extensive jobbing, malleable-iron foundry business 
of the firm on a profitable basis. 

From May, 1914, when he left the Canadian company, Churchill 
was in consulting practice to the time of hisdeath. During the World 
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War he was a special investigator for the Emergency Fleet Corpora- 
tion and prepared a series of articles on shipbuilding which were dis- 
tributed by that agency. As a member of several consulting firms, 
including C. E. Knoeppel & Co., MceDonald-Churchill Engineering 
Corporation, John R. Hal] Corporation, and the Churchill Engineer- 
ing Corporation, which he headed at the time of his death, his indus- 
trial engineering practice covered scores of companies and several 
trade associations throughout the country. 

His outstanding contribution of this period was the development 
of principles for determining the ‘‘right price’ for manufactured goods 
or services, by engineering analyses. This work of price engineering 
was an outgrowth of his experience as a cost engineer. He was im- 
pressed by the fact that even among companies whose knowledge of 
costs was highly developed there was no similar development of prin- 
ciples for determining the price at which goods or services must be 
sold to give equitable value to seller and buyer. His approach to the 
problem of pricing and the methods he evolved over a period of years 
for finding prices by engineering methods were outlined in his book, 
“Pricing for Profit,’’ published in 1932. In later years he continued 
to refine the technique of price engineering and to expand the eco- 
nomic philosophy that he believed supported his practical findings. 

Throughout the active life briefly presented in the foregoing para- 
graphs he was a frequent contributor to the technical press and a 
speaker at many business conferences. He had been a member of 
the A.S.M.E. since 1919.—[Memorial prepared by L. P. ALForp, New 
York, N.Y., Fellow, A.S.M.E.] 


DWIGHT SIPPERLY COLE (1867-1935) 


Dwight Sipperly Cole, whose death occurred at Kalamazoo, Mich., 
on August 11, 1935, was a native of that state. He was born on 
October 31, 1867, on a farm in Alaiedon Township, near Lansing. 
He attended a district school and the high school at Mason, Mich., 
from which he was graduated in 1887. He worked for a time on a 
farm, erecting, operating, and repairing farm machinery and appli- 
ances, then served an apprenticeship in 1889 in carpentering and 
joining under 8S. C. Falkinburg, architect and builder, Ypsilanti, 
Mich. An ‘‘aptness and liking for things mechanical” led him to de- 
cide upon an engineering education. He entered the Michigan State 
College of Agriculture and Applied Science at East Lansing, where he 
took the full engineering course, receiving a B.S. degree in 1893. 
During winter college vacations, which extended from November to 
March, he secured practical experience in drafting room and shop 
with Lansing companies. 

Mr. Cole taught drawing, machine design, and mathematics in 
Detroit the year following his graduation. From then on much of 
his time was spent on design and invention for various companies 
and in hisown name. Among his early connections were the Leland 
& Faulconer Mfg. Co., Detroit, and Berkey & Gay Furniture Co., 
Grand Rapids, for both of which he worked as salesman and designer. 
In 1899, as eastern representative of The Engineer, a Cleveland pub- 
lication, he had an opportunity to see many engineering plants in the 
East, and he remained in New York and vicinity for a number of 
years. He was manager of the Bernstein & Cole Co., Brooklyn, N.Y., 
in 1900, in which year he filed applications for patents on several in- 
ventions. The following year, as superintendent and designer for 
the New York State Saw Filers’ Association, Inc., Brooklyn, he de- 
signed and built automatic machinery and devices for toothing, set- 
ting, filing, and re-setting and re-filing the blades of butcher's saws. 
While with C. J. Tagliabue, New York, in 1902-1903, as consulting 
engineer and designer, he developed an automatic instantaneous pres- 
sure water heater. He was assistant engineer for the National 
Board of Fire Unde «riters, New York, and consulting engineer for 
the Neptune Water Meter Company, Long Island City, before re- 
turning to Michigan in 1906. 

After two years in Lansing and Detroit, part of the time with 
Charles L. Weil & Co. and part in designing a gas water heater, he 
went to Grand Rapids, where the most of the remaining years of his 
life were spent. Among the companies with which he was connected 
during the early part of this period were the Dake-American Steam 
Turbine Company and the Elliott Machine Company. Subse- 
quently he carried on a consulting practice, largely in relation to new 
designs and patents. 

From 1923 to 1926 he spent considerable time on the development 
and promotion (through the Grand Rapids Water Heater Company) 
of his automatic gas water heater. Later he formed the Clinker Tool 
Company for the manufacture of a tool for domestic furnaces and was 
also president and general manager for a time of the Descol Com- 
pany, engaged in consulting work in the combustion field. He 
retired from active life in 1933 because of poor health. 

Mr. Cole became a member of the A.S.M.E. in 1903 and had also 
belonged to the Michigan Engineering Society and the Grand Rapids 
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Engineering Society and was a Mason and Knight Templar. He is 
survived by his widow, Leora P. (Drake) Cole, whom he married in 
1908, and by a brother, Harvey Cole, of Williamston, Mich. 


GEORGE DYER CONLEE (1881-1936) 


George Dyer Conlee, chief engineer of the Republic Flow Meters 
Company, Chicago, Ill., died at his home in Evanston, IIl., on Octo- 
ber 9, 1936. Burial took place at Oshkosh, Wis., where he was born 
on January 20, 1881, son of George W. and Harriet E. (Dyer) Conlee. 

Mr. Conlee prepared for college at the Cascadilla School, Ithaca, 
N.Y., and was graduated from Cornell University with an M.E. 
degree in June, 1905. His first position was in the mechanical en- 
gineering department of the Lackawanna Steel Company, Buffalo, 
N.Y. He returned to Cornell for graduate study in 1907, taking his 
master’s degree in mechanical engineering the following year. After 
engaging in experimental work for the Thomas Motor Car Company, 
Buffalo, during the summer of 1908, he was instructor in the experi- 
mental laboratory at Cornell for the school year 1908-1909. 

Mr. Conlee returned to industrial work in 1909 as superintendent 
of the Binghamton Gas Works, and continued there until the spring 
of 1913. He was loaned to the Detroit City Gas Company for four 
months during 1912 for construction work at one of its plants. 

Beginning in May, 1913, Mr. Conlee was superintendent of the 
Chuctanunda Gas Light Company, Amsterdam, N.Y., until Febru- 
ary 1, 1918. Subsequently, until the end of July, 1923, he was 
manager of the sales department of the Bailey Meter Company, 
Cleveland, where he is remembered for the conscientious, thorough 
manner in which he handled his work, and for his geniality and even 
disposition. 

Mr. Conlee became connected with the Republic Flow Meters Com- 
pany in November, 1923, his duties at that time centering around the 
development work necessary on flow-meter applications. After he 
had spent several years on this work, the trend toward higher pres- 
sures necessitated the development of equipment suited for those 
pressures, and Mr, Conlee devoted the years from 1925 through 1929 
to this problem. He also acted as assistant to Jacob M. Spitzglass, 
vice-president of the company, in connection with various develop- 
ments. Following the death of Mr. Spitzglass, Mr. Conlee became 
chief engineer in 1930 and continued to hold that title until his death, 
although for about two years his health had been such that he had 
not been very active. 

Mr. Conlee became a junior member of the A.S.M.E. in 1906 and a 
member in 1914. He was also a member of the American Gas As- 
sociation and the Association of Iron and Steel Electrical Engineers. 
He was a member of the A.S.M.E. Special Research Committee on 
Fluid Meters from 1927 until he resigned short’y before his death, 
and a member of its Subcommittee 1 on the Influence of Installation 
during the same period. He was chairman of Subcommittee 3 on the 
Revision of Fluid Meters—-Part I, Their Theory and Application, from 
1931 on, and also representative of the A.S.M.E. on the Joint A.G.A. 
and A.S.M.E. Committee on Orifice Coefficients. 

Mr. Conlee was a member of the Sigma Xi and Masonic fraternities, 
and a Shriner. He is survived by his widow, Sara Edna (Lyons) 
Conlee, whom he married in 1913. 


HUGH LINCOLN COOPER (1865-1937) 


Hugh Lincoln Cooper was born in Sheldon, Houston County, Minn., 
on April 28, 1865, the elder son of George Washington and Nancy 
Marion (Parshall) Cooper. His early schooling was in Rushford, 
Minn., grade and high schools. At the age of seventeen, while work- 
ing for a farmer during a school vacation, he designed and built a 
timber highway bridge for his employer, across Money Creek which 
flowed through the farm. This bridge, with a span of 40 ft, and rest- 
ing on stone piers, was in service for about forty years. 

This early interest in engineering construction developed into a 
firm determination to become an engineer. In order to gain the neces- 
sary practical experience, Mr. Cooper had to leave home, after he was 
graduated from the Rushford High School in 1883, and seek employ- 
ment in the field of his chosen profession. Employment of an engi- 
neering nature was not immediately available, however, and, to sup- 
port himself, he worked in a livery stable in Eau Claire, Wis., which 
was operated as a part of a piano firm for the delivery of pianos and 
organs. He soon became a salesman for the firm, and was success- 
fully engaged in that work until March, 1884, when he obtained em- 
ployment with the Chicago, Milwaukee & St. Paul Ry. Co. as an ax- 
man and rodman in an engineering party assigned to a bridge-building 
project at Chippewa Falls, Wis. Mr. Cooper's intuitive engineering 
knowledge and ability enabled him to master the details of the bridge 
and its construction, so that when the contractor failed and the resi- 
dent engineer was unable to continue the work because of illness, he 
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was given complete charge of the job and finished the bridge to the 
entire satisfaction of the chief engineer of the railroad company. 

This accomplishment made him decide to specialize in bridge build- 
ing, and, in January, 1885, he entered the employ of Horace E. Horton, 
bridge engineer, with offices in Rochester, Minn. After an intensive 
apprenticeship of several years Mr. Cooper was made superintendent 
of erection of the High Bridge and the Wabash Street Bridge across 
the Mississippi River, im St. Paul, Minn. Upon the completion of 
this work in 1889, he was transferred to Chicago, IIll., as superintend- 
ent and assistant chief engineer of Mr. Horton’s Chicago Bridge 
and Iron Works, where he remained for two years. 

In 1891, he became the manager of a branch office of the San Fran- 
cisco Bridge Company, in Spokane, Wash., and built several railroad 
and highway bridges in that territory, among them a steel cantilever 
bridge 500 ft long for the Spokane Falls & Northern Ry. Co. 

In 1894, Mr. Cooper became interested in hydroelectric engineering 
—then in its infancy—believing that it offered more opportunities 
and advantages than bridge building. He made an examination for 
a small water-power development on the Missouri River, at Canyon 
Ferry, Mont., for John T. Fanning, consulting engineer, located the 
site, and put in the foundations. By this time he had fully decided 
to devote his entire energies to hydroelectric engineering, and, there- 
fore, abandoned his bridge-building career. 

Wishing to learn more about this new science, he applied for work, 
in 1896, with Stilwell-Bierce & Smith-Vaile Co., of Dayton, Ohio, 
which manufactured water wheels and built small hydroelectric 
plants in which to install them. He was told there was no work for 
him, but he explained that he wanted to learn about water wheels 
and would gladly work without pay. His perseverance won him 
recognition on these terms and he worked without compensation for 
several months. Eventually, he was made assistant chief engineer 
of the company and designed or built (or both) hydroelectric plants 
at Ellenville, and Dolgeville, N.Y., and on the Island of Jamaica, 
British West Indies. 

In 1898, Mr. Cooper joined the organization of Fred Stark Pearson, 
in New York, N.Y., and built two granite dams for the 20,000-hp 
high-head hydroelectric station of the Sao Paulo Tramway, Light & 
Power Co., Ltd., on the Tieté River, in Parnahiba, Brazil. 

He returned to the United States in 1901, and for a short time was 
associated with the firm of Viele, Blackwell, and Buck, in New York. 
He located, designed, and, later, built a hydroelectric plant for the 
Winnipeg General Power Company on the Winnipeg River, near 
Winnipeg, Man., Canada. 

In 1902 and 1903, as chief engineer of the Mexican Light & Power 
Co., of Montreal, Que., Canada, he was engaged in the design and 
location of a high-head hydroelectric plant in the mountains of Mexico 
at Salto Grande, on the Necaxa and Tenanga Rivers, for the street 
railways of the City of Mexico. 

Simultaneously, he located, designed, and constructed the 100,000- 
hp plant for the Electrical Development Co. of Ontario, Ltd., at 
Niagara Falls, Ont., Canada, above the Horseshoe Falls. The de- 
sign included two daring and unique features—first, a wing dam ex- 
tending into the Niagara River a short distance above the Falls, 
where the water attained a velocity of more than 20 mph; and, 
second, a tailrace tunnel discharging directly behind the waters of 
the Horseshoe Falls. Both these features seemed fantastical and 
impossible of accomplishment, when first proposed, but both were 
successfully completed and the plant was put in operation in 1907. 

In 1905, Mr. Cooper opened his own office for private practice, in 
New York. In 1906, 1907, and 1908, he designed and for the greater 
part built the hydroelectric plant for the Pennsylvania Water & 
Power Co. on the Susquehanna River, at McCalls Ferry, Pa. 

In 1907, he visited Japan as a consulting engineer on the Lake 
Biwa project in that country. During this same year, he started the 
designing and financing of the low-head hydroelectric plant on the 
Mississippi River, at Keokuk, Iowa, the construction of which was 
started in 1910 and completed in 1913. 

In 1913, Mr. Cooper was invited by the Egyptian government to 
make a survey of a proposed power plant, which would be a part of 
the Assuan Dam on the River Nile, and the output of which was to be 
used in the manufacture of fertilizer. Plans were prepared and ac- 
cepted for a plant capable of generating 200,000 hp, but the outbreak 
of the World War in 1914 caused the abandonment of the project. 

In 1914 he again opened offices in New York, where he continued a 
general consulting engineering practice. 

When the United States entered the World War in April, 1917, he 
volunteered to serve, and, in May, was appointed a major of engi- 
neers. He was ordered to France, where he arrived in July. During 
the preliminary stages of the organization of the engineering activities 
of the Service of Supply of the American Expeditionary Forces, 
Major Cooper was engaged on the duty of making investigations and 
plans for the development and use of base-port facilities and as con- 
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sultant to the chief engineer of the Expeditionary Forces on many of 
the difficult construction problems that had to be solved. He was pro- 
moted to the rank of lieutenant-colonel in October, 1917. On the rec- 
ommendation of the chief of engineers of the army, Colonel Cooper was 
ordered back to the United States in March, 1918, to begin the construc- 
tion of the navigation and hydroelectric power development at Muscle 
Shoals, Ala., which was intended to furnish energy to the War De- 
partment Atmospheric Nitrogen Fixation Plant then being built as 
a war measure for the production of explosives. In April, 1918, he 
was promoted to colonel of engineers. In May, 1918, at the request 
of the commanding general, A.E.F., Colonel Cooper was relieved 
from duty at Muscle Shoals and again ordered to France where he 
served as section engineer of Base Section No. 2 at Bordeaux, super- 
vising the construction of camps, hospitals, docks, railroads, and 
other engineering works in that area. For this service he was 
awarded a Meritorious Citation Certificate by the commanding gen- 
eral of the American Expeditionary Forces for ‘‘exceptionally meri- 
torious and conspicuous services as engineer officer, Base Section No. 
2, A.E.F.”’ By the French government, he was awarded the Order 
of the University of Palms, grade of Officer d’Instruction Publique. 

After the war, Colonel Cooper held a commission as colonel, Engi- 
neers Officers’ Reserve Corps, until he reached the age of sixty-four, 
when he was transferred to the Auxiliary Reserve. 

In May, 1920, he entered into an agreement with the chief of engi- 
neers, U.S. Army, who had been ordered to proceed with the construc- 
tion of the Wilson Dam, at Muscle Shoals, which provided that Hugh 
L. Cooper & Co., Inc., would act as consulting engineers in the design 
and construction of this project. Under this contract, Colonel 
Cooper furnished the chief of engineers with general and detailed 
plans of the main dam, the power house, its hydraulic and electrical 
machinery, and the lock system for navigation, together with com- 
plete specifications for all the work. He also passed upon the accepta- 
bility of all foundations, and inspected all permanent work through 
a resident engineer and a corps of inspectors, terminating his contract 
with the completion of the project in 1926. 

Between November, 1919, and 1926, he made the following impor- 
tant €agineering studies and reports relating to the United States- 
International Waterways situation: 

First.—A general investigation for the Frontier Corporation of the 
power and navigation potentialities of the St. Lawrence River, par- 
ticularly in its international section. 

Second.—A comprehensive report to the Hydro-Electric Power 
Commission of Ontario on the general design and cost of its Chippewa 
generatirg station. 

Third.—A report, at the request of Herbert Hoover, then Secre- 
tary of Commerce in President Coolidge’s cabinet, on the St. Law- 
rence problem as a whole, including the results of intensive studies as 
to restoring and perpetuating the scenic beauty of the Horseshoe Falls 
in the Niagara River. 

In 1926, Colonel Cooper was chosen by a government commission 
of the Soviet republic to go to Russia to study and report upon a 
projected power plant below the Kitchkas Rapids, in the Dnieper 
River, in the Ukraine. In February, 1927, he entered into a contract 
with the Soviet government to design and supervise the construction 
of this 750,000-hp project which included a series of locks and re- 
quired an expenditure of more than $100,000,000. This work was 
carried through to a most satisfactory and successful conclusion, and 
when the project was formally accepted in August, 1932, by the 
Soviet commissariat of heavy industry, Colonel Cooper was awarded 
the Order of the Red Banner by the government of the Soviet repub- 
lic, the highest civil honor that can be awarded to any non-citizen. 

In 1928, the Egyptian government appointed him a member of an 
international commission of three engineers to pass upon the feasi- 
bility of raising the Assuan Dam on the River Nile. The survey was 
made, plans and specifications were prepared to raise the dam 30 ft, 
and the work was carried to a successful completion, providing water 
for the cultivation of 700,000 additional acres of land in the Nile 
Valley. 

Colonel Cooper’s last active work was as a consulting engineer for 
the Union Carbon & Carbide Co., on a high-head hydro-development 
on the Kanawha River in West Virginia. At the time of his death, 
on June 24, 1937, he was working on plans for a huge development in 
Z-Canyon, on the Columbia River, in Washington, the electrical de- 
velopment of the Nile at Assuan, which had been recently revived, 
and a hydroelectrical development in Greece. 

He had been a resident of Stamford, Conn., since 1901. He had 
been prominent in its civic, and active in its religious, life; he at- 
tended the First Congregational Church. He belonged to the Hub- 
bard Heights Golf Club and Woodway Country Club, in Stamford; 
the New York Yacht Club and the Uptown Club, in New York; 
The Congressional Country Club, in Washington, D.C.; Royal So- 
cieties Club, London, England; Engineers’ Club of St. Louis, Mo.; 
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Engineers Club, of Kansas City, Mo.; and the Harrisburg Club, of 
Harrisburg, Pa. 

The following honorary degrees had been conferred upon him: 
Doctor of Engineering, by the Polytechnic Institute of Sao Paulo, 
Sao Paulo, Brazil, Syracuse University, Syracuse, N.Y., and Rensse- 
laer Polytechnic Institute, Troy, N.Y.; Doctor of Laws, by Parsons 
College, Fairfield, Iowa, and the University of Missouri, Columbia, 
Mo.; also a degree as Minister of Public Instruction of the Republic 
of France, and the Beaux Arts; and honorary professor of civil engi- 
neering at the Republic of Brazil Government School. 

He became a member of the A.S.M.E. in 1913 and also belonged 
to the American Society of Civil Engineers, the American Institute 
of Mining and Metallurgical Engineers, American Institute of Con- 
sulting Engineers, and The Society of American Military Engineers; 
also the Institution of Civil Engineers and the Institution of Water 
Engineers, of Great Britain. 

Colonel Cooper was intensely interested in government and eco- 
nomics and wrote several monographs relating to these subjects from 
the engineer's point of view. 

He had a striking and unique personality. His intuitive technical 
knowledge and his broad engineering experience commanded the re- 
spect of all, but he was admired not only for his eminence in his chosen 
profession, but for what he was himself. He was absolutely candid 
in all personal relations, frank and sincere in his judgments, outspoken 
in the expression of his convictions, and absolutely honest in every- 
thing that he did. He inspired men with his vigor and enthusiasm 
and friendliness. He possessed a rare combination of good common 
sense and genial humor and radiated cheerfulness and vitality in 
every circle in which he moved. He will ever be remembered as a 
gentleman of distinction, a citizen of sterling worth, a patriot whose 
love of country was courageous and sincere, and an engineer pre- 
eminent. 

He was married at Rochester, Minn., on October 12, 1892, to 
Frances B. Graves. He is survived by his widow and two daughters, 
Agnes M. (Mrs. Ralph M. Sheldon) and Elizabeth C. (Mrs. John R. 
Hardin, Jr.), and a sister.—[Adapted from memoir prepared by 
VALENTINE KertcuaM, Stamford, Conn., and Brig.-Gen. M. C. Ty.Ler, 
Corps of Engineers, U.S.A., for the Transactions of the American 
Society of Civil Engineers. ] 


DAVID FRANCIS CRAWFORD (1864-1937) 


David Francis Crawford was born in Pittsburgh, Pa., on December 
4, 1864, son of David and Martha Frances (Lightner) Crawford. He 
attended the public and private schools of his native city and the 
Pennsylvania Military Academy. He entered the service of the 
Pennsylvania Railroad Company as a special apprentice at the Al- 
toona Shops on December 1, 1885, and pursued the four-year course 
planned to provide training for future executives of the company 
Many stories are told of Frank Crawford's apprenticeship days in 
Altoona. He was a very methodical young man, and delighted in 
keeping records of all sorts. Among other things, he would put the 
date of purchase on his collars, and determine which was the least de- 
structive laundry by the lapse of time before they wore out. A part 
of the apprentice’s training was three months’ experience as a locomo- 
tive fireman, and doubtless the recollection in later years of his weary 
back and arms while shoveling those hundreds of tons of coal into the 
firebox, led to his interest in, and development of, locomotive stokers. 
In those days the pay of an apprentice was small and the hours were 
long. The shops began work at 7:00 a.m. and with half an hour off 
for lunch, shut down at 6:00 p.m. During busy times they worked 
through until 9:00 p.m. or later. The pay of an apprentice was five 
cents an hour for the first year, advancing two cents an hour each 
succeeding year. 

He completed his apprenticeship on November 30, 1889, graduat- 
ing as a machinist, but with a varied experience both inside and out- 
side the shops; having been detailed at various times to take part in 
special work in connection with locomotive testing, and testing vari- 
ous locomotive, car, and shop appliances. This work brought him 
in contact with his superiors, and on December 1, 1889, he was as- 
signed to the Test Department as an inspector, being stationed at 
manufacturing plants where steel was being rolled for the company, 
or where springs, chains, wheels, etc., were being made. He also 
worked on dynamometer car tests, tests of electric lighting plants, and 
calorimeter tests of non-c »nducting steam-pipe coverings. On Feb- 
ruary 1, 1892, he was promuted to assistant master mechanic of the 
Ft. Wayne Shops, and on July 1, 1895, to assisiant to the superintend- 
ent of motive power of the Northwest System of the Pennsylvania 
Lines West. He established locomotive ratings for all the divisions 
of the Northwest System, and designed various electric lighting plants. 
He developed a system for electric lighting passenger cars, and was 
associated with tests to determine the resistance of railway track. 
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On November 1, 1899, he was made superintendent of motive power 
of the Northwest System, and on August 1, 1903, genera! superintend- 
ent of motive power of the Lines West of Pittsburgh. During the 
next 15 years he was actively at work in the Master Car Builder’s 
Association and the American Railway Master Mechanic's Associa- 
tion. He did important work on the former’s Committees on Load- 
ing Long Material, Cast Iron Wheels, Safety Appliances, Car Repair 
Bills, ete. For the Master Mechanics he collaborated with Com- 
mittees on Proper Loading of Locomotives, Mechanical Stokers, 
Locomotive Boilers, Minimum Requirements for Locomotive Head- 
lights, etc. He was also active in the American Railway Association 
working on the Committees on Accounting; Maintenance; Auto- 
matic Train Stops, etc. He was a delegate of the Pennsylvania Lines 
in 1905 to the Seventh Session of the International Railway Congress, 
held in Washington, D.C., and Altoona, Pa., and was the secretary 
of Section II. In 1910 he was a delegate to the Eighth Session in 
Berne, Switzerland, and was the reporter on ‘‘Use of Steel in Locomo- 
tive and Car Construction.’’ He was a delegate on the part of the 
United States to the Ninth Session in Rome in 1922 and to the Tenth 
Session in London in 1925; he was commissioned a delegate to the 
Eleventh Session in Madrid in 1930, but could not attend. 

During this period Mr. Crawford was also deeply interested in 
locomotives, and designed and had built the 4-6-2 Class 28, which at 
that time (1907) was the most powerful high-speed locomotive yet 
constructed, and it was the predecessor of the Classes K2, K3, and 
K4 locomotives now in use on the Pennsylvania Railroad. He also 
supervised the design of the Class N1 heavy freight locomotives of 
the Pennsylvania System. He was a member of committees on the 
design and construction of all-steel passenger equipment cars; rails; 
electric traction for the New York tunnels and terminals; design of 
electric locomotives used in tunnel service; and Federal valuation of 
railways. He made frequent appearances before the Interstate Com- 
merce Commission on behalf of the railways, and also before com- 
mittees of the Senate and House of Representatives of the United 
States, as well as various state legislatures. 

Mr. Crawford developed and patented an underfeed stoker for 
locomotives and a considerable number were put in service. Among 
his other patents were draft gears for freight cars, a compound rail, a 
system of automatic train control, railway signals, and other devices. 

On January 1, 1917, he was promoted to general manager of the 
Pennsylvania Lines West of Pittsburgh, and his service with the 
Pennsylvania Railroad closed on June 15, 1918. He resigned to be- 
come vice-president and general manager of the Locomotive Stoker 
Company of Pittsburgh, where he had general supervision of the 
engineering and manufacturing activities. He remained in this po- 
sition for ten years, and for a part of the time (1920 to 1926) was also 
president of the Westinghouse Union Battery Company of Swissvale, 
Pa. From February 1, 1928, to February 28, 1929, he was consulting 
engineer for the Standard Stoker Company, successors to the Locomo- 
tive Stoker Company. After March 1, 1929, he practiced the pro- 
fession of consulting engineer, and he died on March 16, 1937. He 
had been a director of the Pittsburgh Testing Laboratory since 1922. 

From 1912 to 1921 he was connected with the University of Pitts- 
burgh as director of railway engineering and in 1915 the University 
of Kentucky awarded him the honorary degree of Doctor of Engineer- 
ing. He was an honorary member of Tau Beta Pi. Mr. Crawford 
was a Fellow of the A.S.M.E., of which he had been a member since 
1899 and a manager, 1910-1913; a Fellow of the American Institute 
of Electrical Engineers and the American Association for the Advance- 
ment of Science; a life member of the American Association of Rail- 
roads, Section V (Mechanical), having been president of the American 
Railway Master Mechanic’s Association, 1912-1913, and president 
of the Master Car Builder’s Association, 1914-1915. He was also a 
Life Member of the Société des Ingénieurs Civils de France, a member 
of the Army Ordnance Association, the Pennsylvania Academy of 
Science, and the Railway Club of Pittsburgh, and president of the 
latter, 1922-1923. He was a member of the Duquesne, University, 
and other clubs in Pittsburgh; a life member of the Humane Society 
of Western Pennsylvania and a life member and trustee of the Pitts- 
burgh Homeopathic Hospital. He was also a member of the Ameri- 
can Railway Guild of New York; the Scotch-Irish Society of Phila- 
delphia, and the American Guernsey Cattle Club of Peterborough, 
N.H., and he served as president and director of the Guernsey Breed- 
ers’ Association of Western Pennsylvania. 

Mr. Crawford married Helen Moore, of Altoona, Pa., in 1893 and 
is survived by her.—[Memorial prepared by WiLLIAM ELMER, Bay 
Head, N.J., Fellow, A.S.M.E.] 


GREGORY CALDWELL DAVISON (1871-1935) 


Gregory Caldwell Davison, president of the Davison Ordnance 
Company, New London, Conn., and inventor of the all-purpose gun 
and numerous improvements in ordnance, submarines, torpedoes, 
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and turbines, died on May 7, 1935. He was born in Jefferson City, 
Mo., on August 12, 1871. His father was Dr. Alexander Caldwell 
Davison of ‘‘Hackwood,”’ Winchester, Va., and his mother was Sarah 
Caroline Pilot of South Carolina. 

In May, 1888, he was appointed to the United States Naval Acad- 
emy. After graduation in 1892, standing near the top of his class in 
mechanics and mathematics, he served two years as a midshipman 
on the cruiser San Francisco. This was followed by a three-year 
cruise in Europe, Asia, Africa, and South America on the gunboat 
Castine. From the Castine, Davison went to the torpedo boat Cush- 
ing as second incommand. During the Spanish War he served on the 
Illawara, a small converted yacht, later called the Oneida. 

After the war Davison served on the armored cruiser New York, 
flagship of the Atlantic Fleet, as first assistant engineer officer. While 
on this ship, which had been running at only half power for years, he 
overhauled and rebuilt all her engines so that in 1901 on a four-hour, 
full-speed trial she exceeded her contract speed record set ten years 
previously. While on the New York he also helped Marconi set up 
and operate the first wireless telegraph installation. 

From the New York, Davison was ordered to the Bureau of Ord- 
nance in Washington, where he worked on torpedoes and gun design. 
After two years in the Bureau he was ordered to command the tor- 
pedo boat Barney, followed successively by command of the reserve 
torpedo boat flotilla at the Norfolk Navy Yard, command of the new 
destroyer Paul Jones in the Pacific, and finally a tour of shore duty at 
the Torpedo Station, culminating a decade of intensive engineering 
work, with every kind of mechanism used in the Navy. 

While on the Paul Jones, Davison received a letter of commenda- 
tion for winning first trophy for gunnery with the aid of a new gun 
sight which he invented that enabled his gunners to land nearly every 
shot on the target and outshoot all the rest of the Navy. In the next 
year he was again awarded the trophy, not only for gunnery but for 
torpedo practice. 

While at the Torpedo Station, Davison developed the balanced tur- 
bine torpedo on which he obtained a basic patent, subsequently as- 
signed to the Navy Department. 

In the summer and fall of 1907 he was ordered on special duty to 
Europe to visit all the torpedo works, ordnance plants, and arsenals. 
On completion of this tour of duty, Davison, by this time a lieutenant- 
commander, was ordered as ordnance officer to the battleship Vir- 
ginia, just as the American Battle Fleet started on its famous cruise 
around the world in 1908. 

It was at this time that submarines began to be taken seriously by a 
few officers of the Navy. The pioneer and leading submarine com- 
pany of the world was the Electric Boat Company, which sought out 
and asked Davison to resign from the Navy and cast his lot with them. 
Davison liked the Navy, and at first refused; but the offer was too 
tempting and on January 1, 1908, he resigned after twenty years in 
the Navy, including the four years at Annapolis. 

From that time until 1922 he was with the submarines, and during 
the World War wag, in addition, chief engineer and general manager of 
the General Ordnance Company. This was another fourteen years of 
intensive engineering work covering submarine Diesel engines, tor- 
pedoes, and guns. 

One of Mr. Davison’s first undertakings with the Electric Boat 
Company was the development of a steam generator for torpedoes. 
Patents were obtained, and a contract was made between the Electric 
Boat Company and the Navy Department for the use of the Davison 
patents. In 1912, Davison designed, constructed, and tested the 
first non-recoil gun for airplanes under the patents of Commander 
Cleland Davis, U.S. Navy. Large orders for 2-pounders, 6-pounders, 
and three-inch guns of this type were received by the General Ord- 
nance Company during the World War from the United States and 
European governments. Davison was responsible for the design and 
manufacture of all these guns and the ammunition therefor. The 
Y-gun depth charge projector was designed by Mr. Davison after 
the United States entered the World War and many hundreds of the 
original design were ordered as antisubmarine armament for de- 
stroyers and submarine chasers. 

After the World War most of the large ordnance concerns in the 
United States went out of business and whatever ordnance was re- 
quired by the Government was built in its own shops. In the mean- 
time, Mr. Davison had become interested in the oil business and re- 
signed from the Electric Boat Company and the General Ordnance 
Company. 

Upon entering the oil business Mr. Davison pioneered and drilled 
in the first producing oil well in eastern Kentucky, thereby opening 
up a big oil and gas field. From 1925 to 1930 he built and operated a 
modern oil refinery at Kenova, W.Va. This plant was sold in 1930. 

Mr. Davison then turned again to his old profession of ordnance, 
and invented and built the Davison all-purpose gun, a combined field 
and anti-aircraft gun. The gun was finished in July, 1934, and has 
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been successfully tested and demonstrated to the United States 
Government and several foreign governments. The design of this 
weapon with respect to the mounting, the recoil mechanism, and 
the gun proper, which was novel in every respect, resulted in a great 
reduction in weight with corresponding increase in mobility. 

During his lifetime Mr. Davison was responsible for many inven- 
tions that are not mentioned here; only some of the outstanding 
ones have been referred to. These inventions were in connection with 
submarines, torpedoes, Diesel engines, compressors, turbines, record- 
ing instruments, oil-field equipment, oil-refining processes, and heavy 
ordnance. 

Mr. Davison possessed the faculty to a very unusual degree of com- 
bining the results of abstruse theoretical and mathematical studies 
with practical engineering data. This rare faculty was responsible for 
the fact that in practically every case the first embodiment of his in- 
ventions was successful. 

Mr. Davison became a member of the Society of Naval Architects 
and Marine Engineers in 1910. 

The membership of Mr. Davison in the A.S.M.E. began in 1913. 
He also was a member of the Society of Automotive Engineers, Ameri- 
can Chemical Society, and the United States Naval Institute. 

Mr. Davison is survived by his widow, Alice L. (Shepard) Davison, 
whom he married in 1898.—[Adapted from an obituary published in 
the Transactions of the Society of Naval Architects and Marine 
Engineers for 1935. } 


CHARLES MORTIMER DAY (1878-1937) 


Charles Mortimer Day, who had been connected with the U.S. 
Reclamation Service and its successor, the U.S. Bureau of Reclama- 
tion, continuously since early in 1915 and for two brief periods prior 
to that time, died at his home in Denver, Colo., on January 20, 1937. 
He had been in ill health nearly two years and had been confined to his 
home since early in December, 1936. 

From 1898 to 1900 Mr. Day was a machinist for the Crucible Steel 
Company of America, Harrison, N.J., working on guns and projec- 
tiles for the army and navy ordnance departments. During the next 
three years he was mechanical draftsman for the B. W. Tucker, con- 
sulting engineer, New York, N.Y., in connection with automatic 
machinery. He next designed and supervised the construction of a 
light and power plant and piping system for a bathhouse at Ocean 
Park, Calif., and then worked as a draftsman and designer on the 
turbine and boiler end of a 7500-kw Parsons turbine unit for the Los 
Angeles, Calif., steam turbine station of the Southern California Edi- 
son Company. 

He was first associated with the U.S. Reclamation Service for a few 
months in 1906 as designer of high-pressure reservoir gates and re- 
lated works. Subsequently he was draftsman and designer on a 
pumping-plant and pipe-line installation for the East Whittier (Calif.) 
Land & Water Co.; worked for Frank J. Kimball, consulting engi- 
neer, Los Angeles, on the design, installation, and testing of air-lift 
pumping plants; and designed, supervised the construction of, and 
for three months operated a timber-treating plant for the Salt Lake 
Railroad. 

Mr. Day returned to the Reclamation Service for about a year in 
1908-1909, when he was engaged in the design of balanced valves, 
gate hoists, and related works under the direction of O. H. Ensign in 
Los Angeles. In 1910 he sold irrigation and mining machinery in 
Arizona and on the west coast of Mexico. From 1911 to 1914 he 
was associated with the International Amet Gas Producer Company, 
Los Angeles, on design and experimental work in connection with oil- 
gas producers, power-plant design, and installing and testing pro- 
ducer-gas plants, the principal one being that of the Holton Power 
Company at El Centro, Calif. 

When Mr. Day returned to the U.S. Reclamation Service in 1915 it 
was as a draftsman at the office of the chief of construction at Denver, 
where he designed outlet works for dams and pumping and hydro- 
electric power plants. He was promoted to chief draftsman of the 
mechanical and electrical division in 1917 and, after serving two years 
in this capacity, was promoted to engineer. He was appointed 
mechanicai engineer in 1920, and in 1932 he was assigned as chief me- 
chanical engineer, his duties in this position including the supervision 
of those engaged in the design of mechanical equipment for large dams 
and other major structures, the preparation of specifications for pur- 
chasing equipment, and the inspection and testing of installations. 
The most outstanding of these works were the penstocks for the Boul- 
der Dam, the unusual features of which were described by him and 
Peter Bier, who made the designs under the supervision of Mr. Day, 
in a paper entitled ‘‘Penstocks for Boulder Dam,’ published in the 
August, 1934, issue of Mechanical Engineering. Mr. Day also was in 
charge of the mechanical design of the Pathfinder and Roosevelt dams. 

Charles Mortimer Day was born at Union, N.Y., on August 17, 
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1878. His parents were Charles Martin and Emma Josephine Day. 
He studied at the Union Academy and for two years at the Newark 
Technical School. 

He became a member of the A.S.M.E. in 1929. In addition, he was 
a member of the Colorado Society of Engineers and the American 
Welding Society’s Committee on the Design of Welded Penstocks 
(now the Committee on Large Welded Pipe for Hydraulic Purposes). 
He was interested in literature, music, and sports, and belonged to 
the Lakewood Country and Denver Athletic clubs. 

Mr. Day was a copatentee of pressure-actuated-control, pressure- 
relief, and combined flow-control and check valves, and of a special 
pipe section. He was the author of reports for the U.S. Department 
of the Interior on ‘‘High-Pressure Reservoir Outlets” and ‘‘Dams and 
Control Works.” 

Mr. Day is survived by his widow, Love Corinne (Buttorff) Day, 
whom he married in 1925. 


CHARLES pe FREMINVILLE (1856-1936) 


Charles de Fréminville, past-president of the Société des Ingénieurs 
Civils de France, founder of the Comité National de l'Organisation 
Francaise, honorary member of The American Society of Mechanical 
Engineers, was born at Lorient, France, on August 16, 1856. He be- 
longed, on both his father’s and his mother’s side, to families whose 
members, for several centuries, had served their country with dis- 
tinction as magistrates, naval officers, and engineers. Three genera- 
tions of Fréminvilles before him had chosen the profession of engineer, 
and at the Ecole Centrale des Arts et Manufactures, where he studied 
mechanical engineering, his father, a prominent naval architect and 
marine engineer, was one of his instructors. 

After graduation, in 1878, he served an apprenticeship as locomo- 
tive engineer with the Paris-Orléans Railway Company, and later, as 
designer and engineer for the same concern, which at that time en- 
joyed the reputation of being a leader in up-to-date management 
methods, in particular in the utilization of its motive power. He 
showed, apparently, great ability, to judge from the fact that, de- 
spite his youth, he was selected as the company’s representative 
to supervise the building in England of locomotives which the Paris- 
Orléans Railway bad ordered in that country. Not without influence 
on the choice made by his employers was his knowledge of English, a 
rare accomplishment for a French engineer sixty years ago. 

His report on the organization of British railways which he had 
studied during his stay in England was so satisfactory that, soon after 
his return, he was, in 1885, sent to the United States to study the 
organization of American railroads. One of the results of this tour 
was his design of a passenger car based on American ideas, a design 
adopted not only by the Paris-Orléans Railway, but also by the 
French State Railways. 

Sociable, a born master in the art of making friends and getting 
along with people, Fréminville was more interested in men and social 
sciences than in machines, while his logical, well-ordered mind was 
attracted by the then neglected field of industrial organization and 
management which has been called a Science of Order. His reputa- 
tion as an expert in this branch of engineering was so well estab- 
lished that, in 1899, the Compagnie Panhard & Levassor, one of the 
pioneer automobile manufacturers, needing an engineer for organizing 
and managing this new production, invited Fréminville to become 
technical director of their automobile works. This was a task to his 
liking. His duties consisted in organizing shop production, in raising 
the efficiency of labor, and in the selection of materials best suited 
for the unprecedented conditions they are subjected to in a motor 
car. This part of his work has been described by Fréminville as 
follows: ‘‘At first automobile parts were designed in accordance with 
long established practice in machine construction applied to motors of 
4hpand600rpm. The then popular automobile races made it neces- 
sary to use ever more powerful motors, the parts of which were sub- 
jected to abnormal stresses which caused much trouble. As it was 
impracticable to increase considerably the dimensions of the motors, 
new materials for their parts had to be found. Metallurgy, at that 
time, had already developed a number of alloy steels, but their prop- 
erties were as yet little known.” 

To establish these properties, new testing methods corresponding 
to the actual working conditions had to be developed and this work 
needed the assistance and collaboration of the French Society for 
Testing Materials. This research work, the results of which he pub- 
lished in numerous papers, brought him in contact with Professor 
H. Le Chatelier, the translator of F. W. Taylor's ‘‘Art of Cutting 
Metals,” who introduced Fréminville to the great American engineer. 
Repeated meetings with him in France and the United States, and 
the study of his writings, made Fréminville an enthusiastic follower 
of Taylor’s, whose ideas he spread in magazine articles and public 
addresses. In later years Fréminville has stated that Taylor's 
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ideas, though received in France with much interest, were little under- 
stood. They were met, on the one hand, with purely ideological 
criticisms, while, on the other hand, they were applied without pre- 
vious analysis and study of the job to be done. This led to failures 
and to the inevitable discrediting of the whole principle of scientific 
management. 

During the World War, when it became a vital necessity to increase 
the output of the munition factories, all these objections had to be 
disregarded and, wherever possible, scientific production methods 
were introduced. Fréminville played a leading part in this national 
effort and he was particularly successful in the reorganization of the 
shipyards of Penhoét, St. Nazaire, which were converted into a school 
of application of scientific methods to shipbuilding and all the varied 
auxiliary branches of production it requires. As a consequence of 
this outstanding achievement, M. Eugene Schneider, head of the 
great steel and munitions firm of Schneider-Creuzot, invited Frémin- 
ville to join his company to undertake the reorganization of his works 
and the introduction of scientific management. To this responsible 
and difficult task he devoted his time in the years following the war. 

The experience gained in France during the trying times of the great 
struggle changed completely the former critical attitude toward 
scientific management, and Fréminville had the great satisfaction of 
seeing it introduced not only in industry, but in agriculture, com- 
merce, public administration, and education as well. Needless to 
say that he took an active part in the rationalization movement, 
becoming the founder of the Comité National de 1l’Organisation 
Francaise, the French Society for Scientific Management, which is 
devoted to the study of rational methods for increasing the efficiency 
of human labor, intellectual and physical, and more generally, of all 
industrial resources for the benefit of employers, employees, and the 
public. 

The last years of Fréminville’s life were happy ones. He was able 
to the last to engage in the work he loved, his efforts in the cause of 
scientific management found wide recognition, and many honors were 
bestowed upon him. In 1919, The American Society of Mechanical 
Engineers elected him an honorary member in recognition of the high 
standard of service rendered by him to his country ~~ d to the engi- 
neering world. In 1934, he was elected president of the Société des 
Ingénieurs Civils de France. Though an accomplished man of the 
world, he was extremely modest, and in his presidential address he 
voiced the opinion that his election was presumably due not so much 
to his achievements, as to the fact that he had for fifty years been a 
member of the society. Two years later, in June, 1936, at the age of 
eighty, he passed away in his Paris home, surrounded by the members 
of his family. 

It would be erroneous to think of Fréminville as of a narrow special- 
ist, entirely absorbed by his professional activities. As might be ex- 
pected from a man of his cultivated family background, he had many 
varied interests, was well versed in literature, a connoisseur of art, 
and a talented amateur sculptor. Characteristic of his mental atti- 
tude were the concluding words of his presidential address before the 
Société des Ingénieurs Civils de France in which he expressed his 
views regarding the place of the engineer in society. It was the task 
of the engineer, he observed, to strive for an equilibrium of all pro- 
ductive forces of the nation, in order to achieve the ideal of their 
harmonious interplay, without which it was impossible to cultivate 
the greatest art of all: the Art of Living—[Memorial prepared by 
H. R. Tause, New York, N.Y., Mem. A.S.M.E.] 


PETER DIETZ (1876-1935) 


Peter Dietz was born in Berlin, Germany, on August 22, 1876. He 
secured his technical education in Hildburghausen and Darmstadt, 
Germany, coming to the United States early in 1902 after securing his 
engineering degree. After three years’ training with the Westing- 
house Electric & Manufacturing Co., in East Pittsburgh, Pa., he se- 
cured a position as draftsman with the National Tube Company, 
McKeesport, Pa. He was connected with the company for seven 
years, after which he took up private practice in consulting engineer- 
ing in Pittsburgh. The following account of his work from 1905 on 
was given by Mr. Dietz when he applied for membership in the 
A.S.M.E. in 1928. 

‘*My actual experience began as draftsman with the National Tube 
Company in McKeesport, Pa., designing special machinery, such as 
welding machines, crosswalls, draw benches, furnaces, etc., and mak- 
ing plant layouts. A short time afterwards I was made head checker 
for all the drawings of machinery and plant layouts of the proposed 
eighteen million dollar tube and pipe mill. 

‘Beginning with the actual construction of this plant I was pro- 
moted to supervisor of construction and held this position until the 
completion of the mill. I had charge of the construction gang in 
which we often had as high as 1000 men working at one time. 
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‘After the completion of this job, I started looking for something 
better, but for some reason or other was unable to find just the right 
kind of work. I therefore opened my own office as consulting engi- 
neer. In the beginning I specialized in machinery and design of pat- 
ents, later branching out into the industrial line as consulting and 
designing engineer. In a few years I had progressed so far as to add 
construction work to my practice. I included such work as complete 
layouts, and the construction of boiler houses and equipment, indus- 
trial buildings, including machinery, heating and ventilating ma- 
chinery, and foundries. 

‘‘Among those whom I served as consulting engineer were Hubbard 
& Co., D. L. Clark Co., Pittsburgh Malleable Iron Company, and 
Vitro Manufacturing Company, all of Pittsburgh, Pa. 

‘“‘T have also constructed within the last 10 years the following in- 
dustrial buildings: Designed, built, and equipped whole street blocks 
with industrial six- and seven-story buildings for the D. L. Clark Co. 
and Clark Bros. Co. of Pittsburgh; designed, built, and equipped 
plant for the Zanesville Malleable Company, Zanesville, Ohio; de- 
signed and built Fulton Tool Works, Huntington, W.Va.; designed 
and built overhead railroad crossing to factories; designed and built 
underground tunnels connecting industrial plants; installed powdered 
coal plants.” 

Mr. Dietz continued in this work until his death, which occurred on 
September 13, 1935. 


EDWIN RUST DOUGLAS (1872-1936) 


Edwin Rust Douglas, of Baltimore, Md., director of the Industrial 
Division of Barker & Wheeler, Consulting Engineers, New York, died 
in Baltimore, on July 18, 1936. He had resided in that city since 
1924, when he undertook studies of maintenance costs for the Balti- 
more Copper Smelting & Refining Co. Upon the completion of this 
work in 1927 he opened an office for consulting practice and two years 
later became associated with Barker & Wheeler. 

Mr. Douglas was born on September 26, 1872, at Brandon, Vt., his 
parents being Orlando B. and Mary Ann (Rust) Douglas. His 
early education was secured in schools in Brandon and in New York 
State and he prepared for college at the Stevens School, Hoboken. 
After obtaining an M.E. from Stevens Institute of Technology in 1893 
he returned to Vermont, working for two years at the Howe Scale 
Company in Rutland. He then entered Harvard University, which 
conferred an Sc.M. degree in physics upon him in 1898. 

For eight years after leaving Harvard Mr. Douglas was connected 
with the Crocker-Wheeler Company, Ampere, N.J. He advanced 
from drafting to the design of motors and generators; spent about a 
year in experimental laboratory work; developed and installed a sys- 
tem of cost and stockkeeping; spent two years in developing the 
company’s multiple voltage system for factory driving and installing 
it in various plants; and served the company as chief draftsman for 
three years and as specifying engineer for a short time. 

Of his later work fewer details are available. He was superintend- 
ent for Adriance, Platt & Co., Poughkeepsie, N.Y., from 1906 to 
1909, and spent an equal period as works manager of the Hero Manu- 
facturing Company, Philadelphia, Pa. He engaged in consulting 
engineering in that city from 1912 to 1920 and after spending a year as 
works manager of the Cincinnati Ball Crank Company, continued his 
consulting practice in Cincinnati until he went to Baltimore in 1924. 

Mr. Douglas took out two patents on a magnetic clutch and others 
on a rotary motor, a system of electric motor control, a speed con- 
troller, electric switch, and countershaft attachment while with the 
Crocker-Wheeler Company. In later years he patented a collapsible 
drinking vessel, a threading machine, and ascrew pump. Other pat- 
ents were pending. 

During the years when he was devoting himself to electrical engi- 
neering Mr. Douglas belonged to the American Institute of Electrical 
Engineers. He also participated in the standardization work of the 
Society of Automotive Engineers for a time. He had been a member 
of the A.S.M.E. since 1912. He was a member of the school board of 
Abington Township, in Pennsylvania, in 1918-1919, and belonged to 
the Society of Psychical Research. 

Surviving Mr. Douglas are two daughters, Dorothy (Douglas) 
Nicoll and Mary Ann Douglas, and a son, Henry Thompson Douglas. 
Their mother, Caroline E. (Sleeper) Douglas, whom Mr. Douglas 
married in 1899, died in Cincinnati in 1922. 


JOHN HAYES DUBENDORF (1890-1936) 


John Hayes Dubendorf, of Houston, Texas, was fatally injured on 
January 17, 1936, when the automobile in which he was returning 
from a vacation trip to New York ran into a parked truck near Lake 
Charles, La. Mrs. Dubendorf, and the driver and his wife, friends 


from Houston who had accompanied them on the trip, were injured 
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but not seriously. Besides his widow, Justine Natalie (Miller) 
Dubendorf, whom he married in 1920, Mr. Dubendorf left a daughter, 
Jeanne Miller Dubendorf, and two sons, John Michelet and Went- 
worth Hayes Dubendorf. 

Mr. Dubendorf was born at LeRoy, Minn., on January 8, 1890, son 
of Horace and Harriet (Hayes) Dubendorf. At the age of fourteen 
he began an apprenticeship as a machinist with the Denver & Rio 
Grande R.R. Following its completion, in 1907, he attended high 
school at Alamosa, Colo., for three years, then matriculated at the 
Colorado Agricultural College, Ft. Collins. He transferred to Stan- 
ford Uni versity for his sophomore year, but left in the middle of the 
year to take a position as construction foreman on the Balboa Termi- 
nals of the Panama Canal. After a year in that work he was engaged 
in general contracting, including sewer and water tanks, and pump 
installations, for the Republic of Panama, until June, 1916. The re- 
mainder of that year was spent as erection foreman for the Joshua 
Hendy Iron Works, San Francisco. 

Returning to Stanford University in December, 1916, Mr. Duben- 
dorf continued his studies there until March, 1918, when he was com- 
missioned a second lieutenant in the 56th Engineers, U.S.A.; he was 
overseas with the searchlight brigade for about six months in 1918 
and remained in service until April, 1919. 

During the following year he was salesman for the Burroughs Add- 
ing Machine Company, and subsequently engaged in independent 
engineering work for industrial firms and contractors in Oakland, 
Calif. Since October, 1922, he had been connected with the Steel 
Petroleum Corporation. For the first six months he was field me- 
chanical engineer in charge of construction work at Wood River, III. 
Then he was superintendent of construction and served for a time as 
chief engineer of refineries at Arkansas City, Kan., and East Chicago, 
Ind. He was transferred to Houston when it was decided to con- 
struct the Shell refinery plant at Deer Park, and served as construc- 
tion engineer while the plant was being built during the latter part of 
1928 and 1929. He was made chief engineer when the plant was 
completed and continued in that position until July, 1935, when he 
was transferred to the Production Department in Houston as first 
assistant.to the area mechanical engineer. He was serving in this 
capacity at the time of his death. 

Mr. Dubendorf became a member of the A.S.M.E. in 1929. He 
was chairman of the Houston Section in 1934-1935 and a member of 
its Executive Committee at the time of his death. As president of 
the Deer Park School Board for about five years he was instrumental 
in floating bonds for the construction of a new school there. 


WILLIAM SWAN ELLIOTT (1863-1935) 


William Swan Elliott, founder and president of the Elliott Com- 
pany, died suddenly from a hear* attack at his home in Pittsburgh, 
Pa., on February 21, 1935. He was 71 years old, and characteristi- 
cally active to the time of his death, having spent his last day at work 
in the Pittsburgh office of his company. All his life he had been an 
indefatigable worker. 

Mr. Elliott was born on a farm near Welisville, Ohio, on October 8, 
1863, son of John and Katherine (Adams) Elliott. He attended 
public schools and The Pennsylvania State College, and was gradu- 
ated from Cornell University as a mechanical engineer in electrical 
engineering in 1887. He then became sales engineer, at Topeka, 
Kan., for the Sprague Electric Railway Motor Company. When 
this company became part of the Edison General Electric Company, 
of Chicago, in 1890, Mr. Elliott was taken into the Railway Depart- 
ment as engineer and sales agent, and two years later was given a 
similar position in the General Electric Company when it absorbed 
the Edison General Electric Company. In 1894 Mr. Elliott left to 
carry on a mechanical and electrical engineering business of his own 
in Chicago, engaging principally in examinations and reports on rail- 
way and light properties. After two years of this work he joined the 
Stirling Boiler Company, and, for ten years, was manager of sales 
with headquarters in Pittsburgh and New York. 

As a boiler salesman Mr. Elliott was extremely successful. The 
new Stirling boiler was meeting immediate acceptance, but it had the 
fault that scale could not be cleaned from its curved tubes. Straight- 
tube boilers were at that time cleaned by ramming lengths of pipe 
through the tubes, which method was out of the question with curved 
tubes. Mr. Elliott was one of the first to realize the necessity for 
cleaning scale from boiler tubes. He interested himself in the prob- 
lem, and, in 1901, incorporated the Liberty Manufacturing Company, 
in Pittsburgh, to manufacture boiler-tube cleaners. This company 
was immediately successful and grew by leaps and bounds. He later 
incorporated the Elliott Company and broadened his manufacturing 
interests with a line of power-plant accessories such as strainers, 
filters, valves, separators, etc. 

Through the years, he was continually adding more products to his 
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list of manufactures, and taking over other companies. In 1916, he 
acquired The Lagonda Manufacturing Company, tube cleaner manu- 
facturers in Springfield, Ohio, as a subsidiary company. In 1918, 
he started the manufacture of condensers and feedwater heaters. In 
1923, through the purchase of the Kerr Turbine Company of Wells- 
ville, N.Y., he entered upon the manufacture of steam turbines, and 
in 1926, he purchased the Ridgway Dynamo & Engine Co. of Ridgway, 
Pa., with its line of engines, blowers, and electrical machinery. This 
plant is now the Ridgway Works of the Elliott Company. 

Of the many contributions made by Mr. Elliott to the art and de- 
velopment of power-plant engineering, probably the outstanding ex- 
ample was his pioneering of the process of deaeration—removing dis- 
solved gases from water to prevent corrosion—which is now standard 
practice in power plants. In 1924, The Franklin Institute awarded 
him the Edward Longstreth Medal for his ‘‘process and apparatus 
for the deaeration of liquids.” 

Mr. Elliott's life was the Elliott Company. Like many successful 
men, he devoted practically all of his time and energy to his business. 
The company is his monument, the living witness of his mature life- 
time of industry and business judgment. Starting in one room 
which served as both office and factory, plant expansion was rapid 
and continuous. Today, three plants—at Jeannette and Ridgway, 
Pa., and at Springfield, Ohio—and a human organization of approxi- 
mately a thousand people, are a tangible testimonial to his energetic 
activity. 

Mr. Elliott became a member of the A.S.M.E. in 1915 and also 
belonged to the American Association for the Advancement of Sci- 
ence, the Engineers’ Society of Western Pennsylvania, the Engineers’ 
Club, New York, and several Pittsburgh clubs. He was a 32nd de- 
gree Mason. 

Surviving Mr. Elliott are his widow, Anna M. (Leyden) Elliott, 
whom he married in 1901, three sons, George F., Gilbert L., and Wil- 
liam A., all of whom are affiliated with the Elliott Company, and a 
daughter, Mrs. Margaret A. (Louis C.) Nohl, of Darien, Conn.—- 
{Adapted from a tribute to Mr. Elliott published in the March, 1935, 
issue of Powerfar, house organ of the Elliott Company. } 


WILLIAM GROSVENOR ELY (1869-1936) 


William Grosvenor Ely, who retired in 1927 as manager of the Con- 
tract Service Department of the General Electric Company, Schenec- 
tady, N.Y., died on June 15, 1936, at Charleroi, Belgium, where he 
and Mrs. Ely were visiting one of their sons, William G. Ely, Jr. 

Mr. Ely became a student engineer with the General Electric 
Company in October, 1892. Upon the completion of the course he 
was sent to Niagara Falls to erect and put into operation the first 
substation of Station No. 1 of the Niagara Falls Power Company. 
When he returned to Schenectady, after completing this and other 
plants, he was made assistant to the engineer of the Lighting Depart- 
ment, and held this position from 1895 to 1897. He next became as- 
sistant superintendent of construction, then acting superintendent 
in 1899, and superintendent the following year. With no major 
change in duties he became manager of the Contract Service Depart- 
ment in 1922 and continued in that position until his retirement. 

Mr. Ely was born on June 12, 1869, at Norwich, Conn., son of Wil- 
liam Grosvenor and Augusta Elizabeth (Greene) Ely. He attended 
the Norwich Free Academy and took a Ph.B. degree at Brown Uni- 
versity in 1890 and an M.E. at Cornell University two years later. 
He was a member of Phi Beta Kappa and Alpha Delta Phi fraterni- 
ties. He became a junior member of the A.S.M.E. in 1893 and a 
member in 1901. He was also a member of the American Institute 
of Electrical Engineers. 

He married Alice Clute in 1897. In addition to her and their son, 
William, he is survived by two other sons, Lloyd Clute Ely, of Lima, 
Peru, and Robert G. Ely, of Madison, N.J., and by four grandchil- 
dren. He also leaves a sister, Miss Anna Lloyd Ely, of Norwich. 


GEORGE ISAAC FISKE (1875-1936) 


George Isaac Fiske died suddenly at his home in Roxbury, Mass., 
on March 29, 1936. He was born in Roxbury on November 28, 
1875, and attended public school there and the Roxbury Latin School, 
entering the Massachusetts Institute of Technology with the Class 
of 1898, Course VI, electrical engineering. He belonged to the Phi 
Beta Epsilon fraternity. 

He was of English ancestry on both sides, a descendant of immi- 
grants to this country in the seventeenth century. His grandfather, 
David Anthony, was one of the pioneer cotton manufacturers in Fall 
River, Mass. His parents were George Robinson and Mary (An- 
thony) Fiske. 

He leaves a wife, Annie B. (Tearle) Fiske, whom he married in 
1914. 
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The following is quoted from a letter from the superintendent of pro- 
duction of the Christian Science Publishing Society: 

“George 1. Fiske, at the time of his passing, March 29, was techni- 
cal assistant to the manager of the Christian Science Publishing 
Society, in Boston. Upon graduation Mr. Fiske was employed for 
about ten years with the American Machinery Company, manu- 
facturers of textile machinery (Pawtucket, R.I.), as assistant to the 
works manager. He then affiliated himself as electrical engineer 
with the Choraleelo Company of Massachusetts, Boston, until 1917, 
when his services were sought by the Christian Science Publishing 
Society as plant engineer in charge of maintenance. 

“Shortly before construction was begun on the present Publishing 
House at 1 Norway Street in 1931, the many divisions of maintenance 
were reorganized and taken over by The First Church of Christ, 
Scientist, and Mr. Fiske became technical assistant for the Publishing 
Society. To an excellent technical training, he brought skill in the 
application of engineering principles which made him invaluable in 
any work turned over to him, from layouts of great detail for the new 
building to the solution of many problems arising in connection with 
the publication of a large daily newspaper, and weekly, monthly, and 
quarterly periodicals. With his mechanical ability George Fiske was 
blessed with a genial and harmonious nature which enabled him to 
put through his work without friction to those concerned. A man of 
the highest integrity, he was held in unusual esteem and love by his 
associates. 

‘Besides his business interests, Mr. Fiske was very active in the 
affairs of Second Church of Christ, Scientist, Boston, where he had 
served as Sunday School superintendent, treasurer, and director.” 

Mr. Fiske had been a member of the A.S.M.E. since 1917. He was 
an honorary member of the Plant Engineers Club and belonged to 
the Boston Club of Printing House Craftsman and Roxbury His- 
torical Society.— [Memorial adapted from obituary notice prepared 
by Arthur A. Blanchard, Secretary, Class of 1898, and published in 
Technology Review, July, 1936, page xv.]} 


MELVILLE STONE FLINN (1880-1937) 


Melville Stone Flinn, secretary and treasurer of the Flinn & Dref- 
fein Co., Chicago, Ill., died of coronary thrombosis at Hamilton, 
Bermuda, on June 16, 1937, while on a vacation trip. He is survived 
by his widow, Grace (LeCor) Flinn, whom he married in 1923. Mr. 
Flinn had been a member of the A.S.M.E. since 1913, and belonged 
to the Chicago Athletic Association, Exmoor Country Club, and 
Chicago Camera Club. 

Mr. Flinn was a native of Chicago, where he was born on October 
13, 1880, son of John J. and Mary Talbot (Cole) Flinn. He was 
graduated from the Armour Institute of Technology, Chicago, with 
a B.S. degree in mechanical engineering in 1904, and secured his M.E. 
degree four years later. He was employed in the experimental de- 
partment of the Woodstock, IIl., factory of the Oliver Typewriter 
Company in 1904-1905, and by the Industrial Gas Company, New 
York, N.Y., during the next two years, in the capacity of engineer and 
assistant to the general manager. In the fall of 1907 he joined with 
Henry A. Dreffein in the organization of the Flinn & Dreffein Co., 
manufacturers and engineers, specializing in producer-gas plants, 
fuel-oil systems, furnace equipment, etc. Mr. Dreffein, who took his 
B.S. at Armour in 1905 and his M.E. in 1908, had also been with the 
Industrial Gas Company in 1905-1907, and, like Mr. Flinn, became a 
member of the A.S.M.E.in 1913. He survives Mr. Flinn. 


EDGAR GRIFFITH FRANCE (1880-1937) 


Edgar Griffith France, general superintendent of the South Bend 
(Ind.) Works of The Singer Manufacturing Company, died of heart 
disease at the St. Joseph Hospital in that city on June 23, 1937. A 
native of South Bend, he began work for the Singer organization im- 
mediately following the receipt of an M.E. degree from Cornell Uni- 
versity in 1903. After three years as a draftsman and two as 
foreman in the Machinery Department, he was transferred to the 
factory at Cairo, Ill., of which he was general superintendent from 
December, 1908, to January, 1913. He was then returned to the 
South Bend Works, where he served continuously as general superin- 
tendent until his death. 

Mr. France was born on January 30, 1880, son of Abraham B. and 
Katherine (Reynolds) France. He attended public schools in South 
Bend and the Lake Forest Academy before entering Cornell Uni- 
versity. He became a member of the A.S.M.E. in 1919. He was one 
of those who signed the petition for the organization of the St. Joseph 
Valley Section of the Society in 1929, and he served as a member of the 
Executive Committee of that Section in 1930. He was a Mason and 


belonged to the University clubs in Chicago and South Bend, and to 
the South Bend Country Club. His wife, Marie (Ludolph) France, 
of Dallas, Texas, died in 1931. 


SOCIETY RECORDS 


HARRY CHRISTIAN GAMMETER (1870-1937) 


Harry Christian Gammeter, associated for many years with the 
American Multigraph Company and a prolific inventor and designer 
in this field, died at his home in Cleveland Heights, Ohio, on April 10, 
1937. 

Mr. Gammeter was born at Akron, Ohio, on February 27, 1870, a 
son of Christian and Anna (Mauerhoffer) Gammeter. He attended 
the public schools and Buchtel College at Akron and the Case Schoo: 
of Applied Seience at Cleveland. 

The steps which led to his development of the multigraph are 
recorded in his application for membership in the A.S.M.E. in 1913, as 
follows: 

‘After leaving the Case School of Applied Science, where my studies 
were devoted mostly to mechanical engineering, I entered the type- 
writer field and specialized on rebuilding standard makes of machines. 
In 1898 I experimented in developing a pneumatic, electric, and also 
an automatic typewriter, the purpose of the first two being to attain 
greater speed and ease of operation, but the advantages did not seem 
sufficient to justify the added expense at that time, while the latter 
was both too slow and expensive for the purpose intended. There 
was, however, a great demand for a means of producing facsimile 
typewriting, and the experience in the latter experiments led me to a 
thorough investigation of the subject, which ultimately resulted in the 
development of the multigraph and the multigraph method of direct 
printing by means of a small cylinder machine which could be success- 
fully operated by an inexperienced office employee.” 

Mr. Gammeter was salesman and traveling representative for the 
United Typewriter & Supply Co. when he conceived the idea of print- 
ing from a type bed through ribbon. He took the idea to H. C. Os- 
born, who was then doing mechanical development work in Cleve- 
land. They devised the rotary machine as being more practical than 
the flat-bed type and in 1902 the American Multigraph Company was 
incorporated with Mr. Osborn as president and Mr. Gammeter as 
mechanical engineer. From then until he became inactive in the com- 
pany some ten years before his death, the patent records show more 
than sixty items for multigraphing and printing credited to Mr. 
Gammeter and assigned to the company. 

During these years Mr. Gammeter was also interested in the de- 
velopment of a new beating-wing flying machine which he called the 
Gammeter orthopter. He described this invention, on which he 
took out several patents, in the Scientific American for October 12, 
1907. He built two experimental machines of this type but they did 
not prove very successful. 

After leaving the American Multigraph Company, his inventive 
inclinations resulted in several patents for pyrotechnic signals and 
systems and for signs and their construction. He also devoted him- 
self to his Elmwood Inn and gardens at Green Springs, Ohio, which 
were well known in that section. Failing health caused him to dis- 
pose of the Inn in 1930. 

In addition to his membership in the A.S.M.E., Mr. Gammeter be- 
longed to the Cleveland Engineering Society. He was president of 
the Aero Club of Cleveland in 1910 and had been a member of the 
Cleveland Chamber of Commerce, Business Men’s Club, Y.M.C.A., 
and Museum of Art during his active years. 

Mr. Gammeter married Maude Fry in 1905 and is survived by her 
and two children, Electa L. and Harry F. Gammeter; three sisters; 
and four brothers, William F. Gammeter, head of the W. F. Gam- 
meter Manufacturing Co. of Cadiz, Ohio; John R. Gammeter, of 
Akron, well-known consulting engineer and inventor in the rubber 
industry; Edward C. Gammeter, co-owner of the Buckeye Cycle 
Company, sporting goods and radio store, Akron; and Emil Gam- 
meter, of Monticello, Utah, retired Akron grocery wholesaler. 


FRANCIS JOSEPH GARANT (1889-1936) 


Francis Joseph Garant, plant engineer for the Pusey & Jones Co., 
Wilmington, Del., for many years, died on May 27, 1936. He was 
born on March 4, 1889, at St. Clair, Mich., the son of Francois 
Xavior and Adee Roi Garant. 

He supplemented his public-school education by taking courses 
through the International Correspondence Schools and other sources 
and through private study. 

At the beginning of 1907, Mr. Garant entered the employ of the 
Pusey & Jones Co., Wilmington, Del., where he served a five-year 
apprenticeship in the toolrooms, machine shop, and drafting room. 
He was assigned to the plant engineer’s department in the spring of 
1912 and was there until June, 1915, when he was transferred to the 
machine shop as instructor to apprentice machinists. He returned 
to the plant engineer's department the following year as jig, tool, and 
machine designer. He was appointed assistant plant engineer in 
1924, and plant engineer in 1928 and was responsible for the plant 
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and equipment from a mechanical standpoint, supervising general 
plant maintenance and new installations. 

Mr. Garant became an associate-member of the A.S.M.E. in 1927 
and was automatically transferred to the grade of member in 1935. 


HORACE CHASE GARDNER (1856-1936) 


Horace Chase Gardner, who died at his home in Evanston, III., 
on September 20, 1936, was born at Bentonsport, Iowa, on October 
3, 1856, son of David Noble and Susan (Kuhn) Gardner. Following 
the completion of his schooling he served a five-year apprenticeship 
in flour mills at Centerville, Iowa. He also acquired shop experience 
in building wool-working machinery for his father. 

In 1884 he went to Chicago, entering the employ of Swift & Co., 
with which he continued until 1909. He was appointed manager of 
the construction and mechanical departments of the company in 
1889. Among the packing plants designed and built or rebuilt under 
his direction were those at Kansas City, Kan., St. Louis and St. 
Joseph, Mo., St. Paul, Minn., Ft. Worth, Tex., and Mexico City. 
He also built cold storage plants for fresh meats at Havana and other 
places in Cuba and Puerto Rico, and served as consulting engineer to 
the U.S. Commissary Department on plans and specifications for a 
cold storage and ice-making plant at Manila. He invented a system 
of chilling meats which was adopted by Swift & Co. and other com- 
panies. 

For a few years beginning in 1909 Mr. Gardner was associated with 
George M. Brill (Mem. A.S.M.E.) in consulting workin Chicago. He 
then became a member of the firm of Gardner & Lindberg (F. A. 
Lindberg, Mem. A.S.M.E.), which for 20 years carried on consulting 
work in Chicago, engaging in the design of cold storage and packing 
plants built in this and other countries. Mr. Gardner retired and the 
firm was dissolved in 1931. 

Mr. Gardner became a member of the A.S.M.E. in 1904. For five 
years he was president of the Great Lakes-St. Lawrence Tide Water 
Assoriation and during the World War was a member of the Illinois 
food commission. For some years he belonged to the Plymouth 
Congregational Church, in Chicago, serving as deacon and elder, and 
when that church was dissolved he united with the Kenwood Union 
Church, where he held the same offices. During the latter part of 
his life he resided in Evanston, IIl., where he belonged to the First 
Presbyterian Church. He was a veteran member of the Union 
League Club and a life member of the Art Institute, in Chicago. 

Surviving Mr. Gardner are his wife, Nellie (Gray) Gardner, whom 
he married in 1888, and a married daughter, Mrs. M. H. Goodnough. 


EDWARD T. GARSED (1864-1937) 


Edward T. Garsed was born on January 17, 1864, in Philadelphia, 
Pa., son of Alfred W. and Jane E. Garsed. He attended the Central 
High School in that city for two years, receiving a Partial Course 
Certificate in February, 1881. 

A complete record of his early work is not obtainable, but at some 
time prior to 1893 he became associated with John G. Campbell, of 
Philadelphia, in the textile finishing business. About that time the 
Cone Export & Commission Co., selling agents for a large number of 
cotton mills, was instrumental in organizing a finishing company, 
which located in Greensboro, N.C., under the name of the Southern 
Finishing & Warehousing Co. Mr. Garsed assumed the superintend- 
ency of this plant and continued in that capacity for several years, 
giving very satisfactory service. 

The Cone Export & Commission Co. then organized the Proximity 
Manufacturing Company (cotton mills), located in Greensboro. Mr. 
Garsed took a position as mechanical engineer and draftsman for this 
company, and remained with it until 1903, when he became superin- 
tendent of a mill organized and erected at Pell City, Ala., to manu- 
facture indigo blue denims. After about a year there he went into 
business in Charlotte, N.C., under the firm name of Alexander & 
Garsed, Inc., which served as southern agents for the Crompton & 
Knowles Loom Works, of Worcester, Mass., the Heine Boiler Com- 
pany, of St. Louis, Mo., and other companies. 

Mr. Garsed retired in 1922, after which, for some years, he main- 
tained a large dairy farm near Charlotte. Following his death, on 
September 8, 1937, it became publicly known that several years 
earlier he had given this farm, with the cattle thereon, to the Alexan- 
der Home, of Charlotte, an orphanage maintained by the Presbyterian 
churches of that city to care for orphaned and destitute children of 
all denominations. His will provided an annuity for all those whom 
he had employed upon the farm, the remainder of his estate going to 
the support of the children in the Alexander Home and the old people 
in the Masonic Home in Greensboro. He was a 32nd degree Mason 
and a member of the First Presbyterian Church of Charlotte. 

Mr. Garsed had patented a machine for wrapping warp chains, a 
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warp-balling machine, and a method of indigo dyeing. He became 


an associate of the A.S.M.E. in 1922. 


ALEXANDER KING HAMILTON (1873-1936) 


Alexander King Hamilton, president of the M. H. Treadwell Co. 
of Illinois, Chicago, died suddenly in that city on September 8, 1936, 
of a heart attack. He is survived by his widow, Lillian 1. (Long- 
shore) Hamilton, whom he married in 1897. 

The son of George W. Hamilton, he was born on September 10, 
1873, at Johnstown, Pa., where he received his early education. He 
attended the Stevens School, Hoboken, N.J., and was graduated from 
Stevens Institute of Technology with an M.E. degree in 1895. He 
immediately entered the employ of the Cambria Steel Company, 
Johnstown, where he had already worked during summer vacations 
in a clerical position and as shipper and inspector of material. For 
several years after leaving college he did experimental work required 
by the chief engineer of the company, including boiler and engine 
tests, inspections, and theoretical calculations. At the beginning of 
October, 1898, he was made personal assistant to the chief engineer, 
and on January 1, 1900, became assistant to the chief draftsman, in 
direct charge of one of the divisions of the drafting room. 

Mr. Hamilton left the Cambria Steel Company in 1901 to take the 
position of division engineer, in charge of slab and plate mills, with 
the Lackawanna Steel Company, Buffalo, N.Y. He was made as- 
sistant chief engineer the following year and chief engineer early in 
1903. During two years in this capacity he had charge of a rather 
elaborate construction program. 

In 1905 Mr. Hamilton became connected with Milliken Bros., 
Inc., Staten Island, N.Y. First, as chief engineer, he was in charge 
of the construction of the entire steel works, of which he subsequently 
became general superintendent. 

Mr. Hamilton became president of the M. H. Treadwell Co. of 
Illinois in June, 1907. He handled engineering and sales for the com- 
pany, which manufactures special machinery, steel-plate construc- 
tion, and iron and steel castings. Many modern pieces of machinery 
used in steel plants, from the blast furnaces through the various mills, 
were developed under his direction. He held patents on coiling and 
piling equipment for hot strip. 

Mr. Hamilton was assistant manager, later manager, of the U.S 
Aircraft Bureau at Pittsburgh, Pa., in charge of production, from 
1917 to 1919. He was a lieutenant-colonel in the Ordnance Reserve 
Corps from then until his death. 

Mr. Hamilton became a junior member of the A.S.M.E. in 1900 
and a member in 1912. He belonged to the American Institute of 
Mining and Metallurgical Engineers and the American Iron and 
Steel Institute, and was a Mason and a member of the University 
Club of Chicago and the Duquesne Club of Pittsburgh. 


HIRAM GATES HAMMETT (1860-1934) 


Hiram Gates Hammett, proprietor of the Hammett Machine 
Works, Troy, N.Y., died at his home in that city on September 22, 
1934. He was born at Auburn, Me., on March 12, 1860, the son of 
John L. and Martha (Cheney) Hammett. He studied mechanical 
engineering at the Massachusetts Institute of Technology with the 
Class of 1884 and subsequently was employed as a draftsman for 
several manufacturing companies, represented various railway supply 
houses, and assisted in boiler, engine, and locomotive tests. These 
connections included that of mechanical engineer with the Consoli- 
dated Safety Valve Company, Boston, and assistant electrical en- 
gineer with the Boston & Albany R.R. In 1883, he became manager 
for the Estate of F. W. Richardson, Troy, manufacturing balanced 
slide valves and other railway supplies. He organized the Hammett 
Machine Works in 1900 and continued in business until his death. 

Mr. Hammett became a member of the A.S.M.E. in 1888. He was 
president in 1904-1905 and again in 1908-1909 of the Society of En- 
gineers of Eastern New York. In 1915 and 1916, he served as presi- 
dent of the Troy Chamber of Commerce. He was a director of the 
Union National Bank of Troy from early in 1908 until the time of his 
death and had been vice-president of the bank since May, 1933. 
He was a member of the Troy Club, Mohawk Club of Schenectady, 
and Engineers’ Club, New York. He is survived by a daughter, 
Grace L. Hammett. 


FREDERICK HART (1849-1935) 


Frederick Hart, founder and president until his retirement in 1922, 
of Frederick Hart & Co. Inc., Poughkeepsie, N.Y., died at his resi- 
dence in that city on July 24, 1935. He is survived by his widow, 
Ellen Maria (Miller) Hart, whom he married in 1873. He had seven 
children and five grandchildren. His oldest son, Frederick H. M. 
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Hart, succeeded him as president of the company, with Florence E. 
(Hart) Jones, secretary-treasurer, and Herbert F., vice-president. 
Other children surviving him are Robert E., who is mechanical engi- 
neer with the same company, and Edith T. (Hart) Hayman. Two 
daughters, Agnes T. and Ellen P., are no longer living. 

Mr. Hart was born at Winbrook House, in Wiltshire, England, on 
February 7, 1849, son of Henry and Elizabeth (Reed) Hart. He 
attended college at Taunton, England, and served an apprentice- 
ship as a millwright. Upon the completion of this training, in 1870, 
he worked as a draftsman for two years in London at Deptford. 
During the next five years he was shop manager for Turner & Co., 
London, engaged chiefly in the construction of elevators. From then 
until he came to the United States, about 1884, he carried on a con- 
sulting practice in mechanical engineering in London and Stoke-on- 
Trent. 

For a short time after coming to the United States, Mr. Hart was 
located in Pennsylvania and engaged in the creamery business for 
the purpose of ascertaining at first hand the requirements in machin- 
ery for that business. This was characteristic of Mr. Hart as he al- 
ways went to the source for information before attempting to design 
machinery or equipment. He then became superintendent of D. H. 
Burrell & Co. at Poughkeepsie, in the production of cream separators 
and other dairy and creamery supplies. It was also at this time that 
he designed and built hydraulic machinery for drawing nickel-steel 
bowls for cream separators, and for forming crankshafts for steam 
engines. It was believed that the nickel-steel drawings that he made 
at this time were the earliest produced in America. After about four 
years in that position he was engaged by the DeLaval Separator 
Company, which had established the first shops of its own at Bloom- 
field, N.J., in 1889, and other shops at Brooklyn the following year, to 
erect a new plant at Poughkeepsie. Mr. Hart designed and super- 
vised the construction of these works, the first building being ready 
for use in June, 1892. He laid out the entire plant, superintending the 
installation of the equipment brought from the Brooklyn and Bloom- 
field shops, which were closed on May 1 and August 1, respectively. 
A detailed, illustrated description of the shop was published by the 
American Machinist in a series of articles beginning in the issue of 
July 16, 1896, under the title of ‘‘A Manufacturing Machine Shop,” 
and subsequently another interesting article about it appeared in 
Chicago Produce, August 14, 1897. The shop ‘‘was built at a very low 
cost for the floor surface is excellently lighted, has good ventilation, 
is insured at low rates, and calls for the minimum of unremunerative 
labor on the part of superintendent, foremen, workmen and clerks.” 
The plans provided for the possible extension of the shop in three di- 
rections without loss of advantage at any point. Its saw-tooth roof 
construction, comparatively new in this country at that time, at- 
tracted considerable attention. Mr. Hart continued as superintend- 
ent of the works for a time, during which a number of extensions were 
made to the original building and a power house erected. He de- 
signed new tools and equipment and greatly improved manufacturing 
methods. His design of bronze worm wheel hobbing machines, spe- 
cial machines for cutting 8-tooth worms, and special machines for 
milling rims of large diameter gears were quite noteworthy at this 
date (1892-1893). 

After leaving the DeLaval Company, Mr. Hart took up consulting 
work again, in connection with the building of factories, developing 
inventions, and designing and building special machinery. This led 
to the organization of his own company to build special machinery 
and precision tools. The business was founded in 1894 and incor- 
porated in 1913. After organizing his own business he engaged in 
engineering work of a wide range. Some of the early work consisted 
of developing high-speed machinery for the publication and book- 
binding business. A great deal of work was done in both light wire 
and cable insulation. Special machinery was built for one of the 
cable manufacturers for insulating cable that transmitted power from 
Niagara Falls to the Pan-American Exposition. In 1900 he designed 
and built considerable delicate experimental apparatus for the Federal 
Experimental Station at Pennsylvania State College. This was later 
enlarged upon for experimental work in the University of Bonn, 
Germany, and the Royal Hungarian Laboratories at Budapest. 
From this period on there was designed and built in the company’s 
factory in Poughkeepsie a great deal of special machinery and special 
machine tools. This line of work was carried on up to the time of his 
retirement from the business in 1922. The business is still being con- 
ducted under the same firm name and family management. 

Mr. Hart became a member of the A.S.M.E. in 1905. He had been 
a member of the Institution of Mechanical Engineers since 1883. 


BRODERICK HASKELL (1860-1936) 


Broderick Haskell was born in San Francisco, Calif., on July 10, 
1860, son of Leonidas Haskell and Sarah Elizabeth (Haskell) Haskell. 


He attended the local high school and, at the age of seventeen, be- 
came a machinist’s apprentice in the shops of the Kansas Pacific 
Railway at Ellis, Kan., his training being completed in this com- 
pany’s shops at Armstrong, Kan., in 1881. 

Mr. Haskell spent the next four years working at his trade in the 
Kansas Pacific, Hannibal & St. Joseph, and Northern Pacific Shops. 
In 1885, he was made shop foreman for the Northern Pacific Ry. 
Co., and subsequently became master mechanic. This employment 
by the Northern Pacific continued until 1893, when Mr. Haskell be- 
came superintendent of motive power for the Chicago & West Michi- 
gan Ry. Co. and its affiliate, the Detroit, Lansing & Northern R.R., 
at Grand Rapids, Mich. Four years later, when the latter was re- 
organized as the Detroit, Grand Rapids & Western Ry., he retained 
his position with it and also with the Chicago & West Michigan. 
Following the absorption of these companies by the Pére Marquette 
Ry. Co. in 1900, he was transferred to Saginaw, Mich., as superin- 
tendent of motive power and remained there for three years. 

He then accepted the position of general manager with The Frank- 
lin Rolling Mill & Foundry Co., Franklin, Pa. In 1907, Mr. Haskell 
became treasurer of the Franklin Railway Supply Company, and, a 
year later, was elected vice-president and general manager of the 
Venango Manufacturing Company, of Franklin. He resigned in 
1912 to engage in consulting work, in which he continued until his 
retirement in 1930. He held more than thirty patents, largely on 
railroad car and railway track specialty devices, many of which have 
been widely used by railroads in the United States. 

Mr. Haskell remained a resident of Franklin until his death, which 
occurred on August 1, 1936. He was treasurer of the Red Cross and 
of the Community Chest in Franklin for many years and served as a 
mem/!vr of the Draft Board there during the World War. He be- 
longed to the Franklin and Wanango country clubs. 

Mr. Haskell became a member of the A.S.M.E. in 1903. He is 
survived by an only son, Broderick Haskell, Jr. His wife, Mollie 
(Dunlevy) Haskell, whom he married in 1887, died in 1935. 


HENRY JAMES HATCH (1876-1935) 


Henry James Hatch, whose death occurred on November 25, 
1935, at a Lynn, Mass., hospital, was born on June 11, 1876, at Fort 
Miller, N.Y., son of Phineas and Laura V. (Harris) Hatch. 

Mr. Hatch took up engineering work in 1905 when he entered the 
electrical and mechanical testing department of the General Electric 
Company at Schenectady, N.Y. In 1907, upon the completion of the 
training course, he was placed in charge of experimental testing of 
large turbines. After two years of this work, he was transferred to 
the turbine engineering department as an assistant engineer. In 
1911 he was sent to the River Works at West Lynn, Mass., as turbine 
engineer of the turbine construction department there. He was sub- 
sequently appointed manager of the contract service department at 
the River Works and held that position until his death. In this ca- 
pacity, he traveled extensively in the United States and Canada and 
went to South Africa in 1927 to supervise installations for the De 
Beers Consolidated Mines in the diamond fields at Kimberly. 

Mr. Hatch became a member of the A.S.M.E. in 1914. He wasa 
member of the Lynn-Boston section of the Elfin Society, an organiza- 
tion of General Electric executives, and was active in fraternal and 
civic organizations in Lynn. He was president of the Rotary Club 
of Lynn in 1926-1927, after having served as first vice-president the 
previous year, and represented the club as official delegate at the In- 
ternational Rotary Convention in Belgium in 1927. For many years 
he was a governor of the Lynn Y.M.C.A., a councilor of the local 
chapter of the DeMolay, and a member of the Chamber of Commerce. 
He had held a number of important posts in the Masonic fraternity 
in Lynn and in Swampscott, where he resided. He was a member 
of Knights Templar and a Shriner. 

Surviving Mr. Hatch are a sister, Mrs. Edna Rumbaugh, of Bea- 
trice, Neb., and a brother, Alvin R. Hatch, of Fort Miller, N.Y., 
as well as several nieces and nephews. His widow, Maybelle (Mason) 
Hatch, whom he married in 1909, died on August 19, 1936. 


HERMAN SMITH HEICHERT (1874-1937) 


Herman Smith Heichert, chief engineer of the Pittsburgh Plate 
Glass Company, Pittsburgh, Pa., since 1922, died on December 31, 
1937, at Orlando, Fla. He had been a member of the A.S.M.E. since 
1929 and also belonged to the Engineers’ Society of Western Pennsyl- 
vania, and to the Sons of the American Revolution. 

Mr. Heichert was born at Frankfort, Ind., on February 5, 1874, son 
of Henry O. and Kate (Smith) Heichert. He attended high school in 
Marion, Ind., and was graduated from Rose Polytechnic Institute, 
Terre Haute, Ind., in 1897, receiving a B.S. degree. He was the re- 
cipient of two awards for scholarship, a bronze medal for the highest 
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rating in his class in the freshman year, and a gold medal for the 
highest standing for the entire course. 

He was machinist with the Pennsylvania Railroad Company in 
Frankfort in 1898-1899, and during the next two years was an in- 
structor in mechanical engineering at the Worcester Polytechnic In- 
stitute. In 1901 he entered the employ of the Pittsburgh Plate Glass 
Company as a draftsman. He was transferred to the plant at Ford 
City, Pa., as assistant superintendent in 1904 and remained there 
until 1911. He then returned to Pittsburgh in the capacity of as- 
sistant chief engineer, becoming chief engineer in 1922. During his 
years in this position extensive improvements to plants and methods 
of operations were successfully consummated. One new window- 
glass plant was designed and constructed and the first complete 
straight-line plate-glass plant in the United States was designed and 
built. Two complete continuous grinding and polishing units were 
also erected. All the plate and window-glass factories were com- 
pletely modernized during Mr. Heichert’s office as chief engineer. 
He held several patents pertaining to factory apparatus for glass 
manufacture. 

Mr. Heichert was twice married, his first wife being Blanche Wil- 
liams, now deceased, and his second Estelle Berry, of Pittsburgh, who 
survives him. 


FREDERICK WILLIAM HEISLER (1872-1937) 


Frederick William Heisler was born at Wapakoneta, Ohio, on Feb- 
ruary 27, 1872, a son of Christian and Christine (Lang) Heisler. He 
attended public schools in Wapakoneta and in later years studied at 
the Union School at Painted Post, N.Y., and the high school at Erie, 
Pa., from which he was graduated in 1899. At the age of fourteen 
he entered upon an apprenticeship in carriage smithing with D. 
Kreitzer & Sons, in Wapakoneta, upon the completion of which, in 
1889, he took charge of smithing for the company. In the fall of 
1891 he went .v Richmond, Ind., to work as carriage smith, but re- 
mained there only about six months. He then served a training pe- 
riod in a foundry and machine shop at Sidney, Ohio. While there 
he also studied drafting and had charge of the erection of printing 
machinery for the Sidney Daily Journal. 

From September, 1894, to November of the following year he had 
practical experience in drafting with his brother (Charles L. Heisler, 
inventor; see memorial in Trans. A.S.M.E., 1931), and with several 
other engineers in the East. He next took a position as draftsman 
with Julian Scholl & Co., New York, working on high-speed auto- 
matic engines, and rock-crushing and electric-power plants. This led 
to similar work for the Weston Engine Company and its successor, the 
Imperial Engine Company, at Painted Post, where he was chief 
draftsman. 

After his graduation from the Erie High School in 1899 Mr. Heisler 
worked for the Buckeye Engine Company, Salem, Ohio, and the 
Brown Hoisting & Engineering Co. and Wellman Seaver Engineer- 
ing Company, both of Cleveland, Ohio. In 1902 he went to St. 
Marys, Ohio, to design pumping engines for the Heisler Pumping 
Engine Company, which his brother was then operating as vice- 
president and chief engineer. He was made chief draftsman in 1904 
and continued with the company until 1912, becoming its superin- 
tendent about 1910 and subsequent!y vice-president, after his brother 
had become connected with the American Locomotive Company. 
During the years 1913-1917 he served as superintendent of the Divine 
Tire Company, Utica, N.Y., and general foreman of the Fuse Loading 
Department of the Newton Manufacturing Company, Lowell, Mass. 

In 1917 Mr. Heisler entered the employ of the American Locomo- 
tive Company, Schenectady, as a mechanical draftsman in the Con- 
struction Engineering Department Later he became one of the 
mechanical engineers of the department, and held this position until 
the time of his retirement, which was a few months prior to his death. 
His particular line of work was special machinery design and power- 
plant piping. 

Mr. Heisler became a junior member of the A.S.M.E. in 1897 and 
a member in 1909. He belonged to both the New York State and 
the National Society of Professional Engineers and ranked high in 
the Masonic fraternity. His death occurred at his home in Schenec- 
tady on June 16, 1937. He is survived by his widow, Gertrude O. 
(Vrooman) Heisler, whom he married in 1927. 


NEVIN FREDERICK HENCH (1887-1936) 


Nevin Frederick Hench was born on August 4, 1887, at York, Pa., 
where his father, Samuel Nevin Hench, an inventor of farm machin- 
ery, was a member of the firm, Hench & Dromgold Co., lumbermen 
and manufacturers of agricultural implements. His mother was 
Emma Elverda (Flinchbaugh) Hench and he was a cousin to Ethelbert 
Nevin, composer, and was himself a lover of fine music. 
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He prepared for college at the Mercersburg (Pa.) Academy and 
matriculated in the Wharton School of Finance and Commerce of the 
University of Pennsylvania in the fall of 1908. . Owing to the death 
of his father, however, he left at the end of the college year. In later 
years, during and following the World War, he took a course in Diesel 
engineering at Columbia University and one in electrical engineering 
from the International Correspondence Schools; he received his 
diploma in electrical engineering from the latter in 1922. 

For five years after leaving college (1909-1914) Mr. Hench worked 
in the shops of the Hench & Dromgold Co. The business was then 
purchased by the York Manufacturing Company (which later became 
the York Ice Machinery Company) and from April, 1914, to August, 
1917, Mr. Hench was shop apprentice with this company. During 
this period he spent two seasons as chief engineer of the Merchants 
Ice Company, of Harrisburg, Pa., in responsible charge of a 110-ton 
Diesel and electric ice plant. Upon the completion of his training 
course he took a position as chief engineer of the Hudson Ice Com- 
pany, Jersey City, N.J., where he directed the operation and mainte- 
nance of a combined Diesel and electric ice plant with a capacity of 
100 tons. He left this work in November, 1918, to become chief 
engineer on the U.S.S. Risor, a 2600-ton Diesel-electric motorship of 
1100 hp. After terminating this service in February, 1920, Mr. 
Hench spent several months with the McIntosh-Seymour Corpora- 
tion, of Auburn, N.Y., erecting a 500-hp and 1000-hp Diesel engine 
in order to increase his knowledge of this particular type of engine. 

In July, 1920, Mr. Hench took a position with the Merchants Ship 
Building Corporation, of Chester, Pa., as representative and engineer- 
ing inspector at Cramp’s Ship Yard, Philadelphia, in connection with 
the building, installing, and testing of Diesel units for the motorships 
Missourian and Californian. These units included four of 2250 ihp 
each, and all auxiliary equipment, built at Cramp’s, and eight of 100 
hp each, with auxiliary equipment, built at the De La Vergne Machine 
Works. On completion of these duties, he was retained to assist in 
the auditing of the accounting involved. 

During the latter part of 1922, Mr. Hench took an open competitive 
examination for a position under the U.S. Engineer Department as 
mechanical inspector at the yard of the Sun Shipbuilding & Drydock 
Co. at Chester. His duties covered the building of four 3000-hp 
Diesel-electric seagoing hopper suction dredges of the ‘‘Rossell”’ class. 
This work required about six months, after which, in April, 1923, Mr. 
Hench entered the employ of the Electric Bond & Share Co. He was 
sent to Cuba as Diesel-electric plant betterment engineer and within 
three months was appointed superintendent of the Ciego de Avila dis- 
trict. This district included four Diesel generating plants, the prin- 
cipal one being at Ciego, where Mr. Hench also had charge of the 
water works and ice plant. Under his direction the Ciego plant was 
enlarged from 800 to 6000 hp, and many changes made to improve 
operation on low-grade fuel—crude oil of from 11'/2 to 12 Bé being 
used successfully. The climate of Cuba, however, was not beneficial 
to Mr. Hench and his family, and he therefore returned to the States 
at the end of 1925. 

During the next ten years Mr. Hench was connected with the At- 
lantic Refining Company, of Philadelphia. For three years he was 
supervisor of power plants, transmission lines, and substations, and 
subsequently Diesel engine inspector for the marine department, in 
charge of the operation and maintenance of a fleet of 14 Diesel-electric 
tankers and tugboats ranging in power from 500 to 3200 hp. 

After leaving the Atlantic Refining Company he was chief engineer 
aboard the Dolomite I, on the Great Lakes and the Atlantic, for John 
Odenbach, of Rochester, N.Y. He was taken ill with influenza in 
February, 1936, and for some months afterward was confined, to the 
Philadelphia Marine Hospital for treatment. He began work again 
in September, 1936, as Diesel engineer for the American Locomotive 
Company at Auburn, N.Y., but two weeks later, just after moving 
his family to Auburn, he suffered an attack of jaundice, which resulted 
in his death on October 9, 1936. 

Surviving Mr. Hench are his widow, Laura Mae (Smith) Hench, 
whom he married in 1922, and four children, Nevin, Jr., Warren S., 
Norma, and William, all of Wyncote, Pa. 

Mr. Hench became an associate-member of the A.S.M.E. in 1926, 
and was automatically transferred to the grade of member in 1935. 
In addition to his love for music he had enjoyed horseback riding 
since childhood, and was fond of tennis, swimming, and automobile 
travel. 


GEORGE A. HENDRIE (1885-1936) 


George A. Hendrie, secretary and technical director of Chemnyco, 
Inc., New York, N.Y., died at his home in New Rochelle, N.Y., on 
September 23, 1936, from shock following the death of his wife, 
Marjorie (Shelby) Hendrie, three days earlier. 

Mr. Hendrie was born on September 28, 1885, at Albany, N.Y., 
son of George A. and Marion G. (Armstrong) Hendrie. He prepared 
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for college at the Gloversville, N.Y., high school, and attended the 
Georgia School of Technology at Atlanta, from which he received the 
degree of B.S. in mechanical engineering in 1908. The first year after 
graduation was spent in the machine and boiler repair department of 
R. 8S. Armstrong «& Bros., Atlanta, and as a machinery salesman for 
this firm. 

In 1909, Mr. Hendrie accepted a position as a department super- 
intendent at the Niagara Falls plant of the American Cyanamid 
Company and two years later was promoted to general superintendent 
and given full charge of plant operation and the installation of new 
apparatus. He was made assistant to the vice-president of the com- 
pany in 1914 and for about a year was engaged in making technical 
investigations and doing general engineering work, at Niagara Falls. 
In 1916 he supervised the construction of a plant for the Ammo-Phos 
Corporation at Warners, N.J., and when the American Cyanamid 
Company purchased the Ammo-Phos Corporation in 1917, Mr. Hen- 
drie was transferred to the company’s headquarters in New York. 

His work for the American Cyanamid Company and its subsidiaries 
continued until 1923, when he was elected vice-president of Bonn & 
Co., Inc., New York, and as such organized and was in charge of the 
Niagara Ammonia Company plant at Niagara Falls. In 1928 he 
became associated with a technical bureau in New York which two 
years later was organized as Chemnyco, Inc. 

Mr. Hendrie was elected an associate-member of the A.S.M.E. in 
1916 and was transferred to full membership in 1935. He also be- 
longed to the American Electrochemical Society, the Kappa Sigma 
and Masonic fraternities, and several clubs. 


CHARLES F. HENNING (1881-1936) 


Charles F, Henning, vice-president in charge of sales of the U.S. 
Gypsum Co., Chicago, Ll., was killed when struck by an automobile 
on October 3, 1936. He was survived by his widow, Jane C. (Boeck) 
Henning, whom he married in 1908, and by two married daughters, 
Jane Hunter of Niles Center, Ill., and Betty Cornelius, of Buffalo, 
N.Y. 

Mr. Henning was born in Chicago on December 18, 1881, son of 
Charles F. and Clara Helen (Kresse) Henning. After securing an 
M.E. degree from Lewis Institute, Chicago, in 1904, he spent seven 
years in the employ of Geerge M. Brill (Mem. A.S.M.E.) in that city. 
During the first three years he did drafting, then was in charge of the 
construction of power and industrial plants, in the position of de- 
signing engineer and field superintendent. He began work for 
the U.S. Gypsum Co. in 1911, in the engineering department, having 
charge of design and serving also as field superintendent of plants. 
He was made manager of the fireproofing department in 1914 and 
three years later manager of the Gypsum Fireproofing Company. 
He became vice-president of the U.S. Gypsum Co. in 1924. 

Mr. Henning joined the A.S.M.E. as a member in 1917. He be- 
longed to the Skokie Country Club in Glencoe, IIll., where he resided, 
and to the Mid-Day Club, Chicago. 


ALEXANDER STEWART HENRY (1868-1935) 


Alexander Stewart Henry died of heart disease at his home in New 
York, N.Y., on October 10, 1935, following a long illness. He had 
been a member of the A.S.M.E. since 1914. 

Mr. Henry was born at Manchester, England, in March, 1868, and 
was educated at Kensington Science School. He came to the United 
States as a young man and secured a position in the engineering de- 
partment of the City Machine Company, Cleveland, Ohio, in 1888. 
Two years later, he was employed by the Otis Steel Company, also of 
Cleveland, where he worked in the open-hearth, laboratory, and test- 
ing departments. 

In 1892, Mr. Henry began an association with the railway-supply 
industry which continued until his death forty-three years later. His 
first position was that of engineer in charge of plants belonging to the 
Paige Wheel Company, Cleveland, and, when that company became 
part of the Steel-Tired Wheel Company, of Scranton, Pa., in 1897, he 
was placed in charge of the local management at a number of its 
plants. Shortly after the Railway Steel-Spring Company was formed 
in 1902 and acquired several plants, the Steel-Tired Wheel Company 
merged with it, and Mr. Henry went to New York as assistant secre- 
tary. He acted in a supervisory capacity in the selling and operating 
departments of the steel-tired wheel and steel wheel divisions until 
1910, when he was elected vice-president and placed in charge of 
operations. He ‘was elected a director and a member of the execu- 
tive committee in 1920, and was made president of the company in 
1926, when it became a subsidiary of the American Locomotive 
Company. At that time, he was also elected a director of the parent 
company and president and a director of the Canadian Steel-Tire & 
Wheel Co., Ltd., one of its Canadian subsidiaries. Mr. Henry be- 


came a director of another Canadian subsidiary, Montreal Loco- 
motive Works, Ltd., in 1932. When the Railway Steel-Spring 
Company consolidated with the American Locomotive Company 
in 1934 and became the Railway Steel-Spring Division of the latter 
company, he was placed at the head of the division with the title 
of vice-president. Mr. Henry held these various offices and direc- 
torships in the American Locomotive Company and its subsidiaries 
at the time of his death. 

His widow, Anna S. Henry; a daughter, Emma S. Henry; and 
three sons, Alexander Stewart, Jr., William Michael, and John S. 
Henry, survive him. All of the family are residents of New York. 
The two older sons belong to the A.S.M.E., Alexander being a mem- 
ber and William a junior member. 


WILLIAM GODFREY HEPTINSTALL (1883-1936) 


William Godfrey Heptinstall was born at Normanton, Yorkshire, 
England, on July 2, 1883, son of Frederick and Maria (Godfrey) 
Heptinstall. Following his early schooling he spent two years at 
London University, then engaged for some years in general repair 
work and operation of internal-combustion engines, principally heavy 
oil tractors. He also installed two complete flour milling plants and 
an electric light plant. 

From 1916 to 1919 Mr. Heptinstall served in the Royal (British) 
Navy as chief motor mechanic. He was in charge of the engine room 
of a submarine chaser for more than a year and for some months was 
in charge of a repair shop for the care of aeroplant-type internal- 
combustion engines used in coastal torpedo boats. 

Following the World War, he went to Canada, where he took charge 
of the operation of a gas and electric plant for the town of Minne- 
dosa, Manitoba. During part of 1920 he was trouble man for the 
Diesel engine electric plant of the town of Yorkton, Saskatchewan. 
He then became mechanical superintendent of the Lignite Utiliza- 
tion Board of Canada, at Bienfait, Saskatchewan. He spent nearly 
ten years there and a short time with the Western Dominion Colleries 
Ltd., Taylorton, before going to New Zealand, where he was as- 
sociated during the remainder of his life with Waikato Carbonisation 
Ltd., at Rotowaro. A paper by him on ‘‘Carbonizing and Briquet- 
ting Saskatchewan Lignite’’ was presented before the Annual Western 
Meeting of the Canadian Institute of Mining and Metallurgy in Oc- 
tober, 1929, and published in the Transactions of the institute for 
that year. 

In March, 1930, Waikato Carbonisation Ltd. began the erection 
of a carbonizing and briquetting plant which consisted of two Lurgi 
low-temperature retorts, each capable of carbonizing 120 tons of 
high grade lignite, fine coal per day; a briquetting plant with a ca- 
pacity of 20 tons of semi coke per hour; a tar distillation plant; and 
all necessary conveyers, bunkers, etc. As plant manager, Mr. 
Heptinstall actively superintended the erection and the operation 
of this plant and successfully managed the plant through the difficul- 
ties which are always present in a comparatively new process. In 
1935 he installed a 400-hp generator driven by a gas engine which 
runs on the waste gas from the process; this unit has proved itself 
to be a very sound investment. 

Mr. Heptinstall was deeply interested in his work and was con- 
stantly striving to improve the production of his plant. To this end 
he spent the greater part of his leisure in experimenting on the 
theoretical side of carbonization and the designing and making of 
model briquetting machinery. He held a patent on a process for in- 
creasing the yield of pitch produced from tar. He was also interested 
in languages and was a lover and collector of books, especially on 
travel and the sea. 

Mr. Heptinstall became an associate-member of the A.S.M.E. in 
1923 and was automatically promoted to full membership in 1935. 
He was a Fellow of the Royal Society of Arts, amemberof the Institute 
of Fuel (London), Society of Chemical Industry (London), associate 
of the American Institute of Electrical Engineers, and a member of 
the Canadian Institute of Mining and Metallurgy. He was one of 
the Imperial Veterans of Canada. 

Mr. Heptinstall’s death occurred in Auckland, New Zealand, on 
October 1, 1936. He is survived by his widow, Alice (Duckett) 
Heptinstall, and by three children, William, Mary, and Edith. 


LOUIS HERZOG (1866-1934) 


Louis Herzog was born in Neuhausen, Switzerland, on August 15, 
1866, son of Ludwig and Theresia (Himle) Herzog. He studied 
mechanical engineering in schools in Winterthur, Switzerland, and 
Berlin, Germany, for several years. After working for a Swiss em- 
broidery company for 13 years as technical engineer, he was sent to 
the United States in 1911 to take charge of the installation of ma- 
chinery and rebuilding the power plant for the Glenham Embroidery 
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Company, at Beacon, N.Y., which was affiliated with the Swiss firm. 
He continued with the Glenham company, manufacturers of embroid- 
eries and automatic machinery, until he retired in 1924. He gavea 
detailed statement regarding his work when he applied for member- 
ship in the A.S.M.E., in 1923, as follows: 

‘I have full charge over the entire plant. Under my supervision 
are the following: power house, bleachery, machine shop, repair 
shop, and all the manufacturing machinery for the embroidery trade. 
Besides this, we have a small branch as a brass foundry, which is also 
under my supervision. All building construction, repairs, etc., have 
been done according to my layout and under my supervision. I have 
more than a dozen patent rights of my own invention on machinery 
of our plant. I made all my own sketch drawings, patent drawings, 
and patent applications until I had so much work on hand that I 
was compelled to engage a technical draftsman to assist me.”’ 

Since his retirement Mr. Herzog had resided in Weehawken, N.J., 
and spent some time in travel, motoring in the United States and 
Canada and visting Europe twice. His wife, Amalia (Ewald) Her- 
zog, whom he married in 1898, died in June, 1934, six months before 
the death of Mr. Herzog, on December 28, 1934. 

In addition to the A.S.M.E. Mr. Herzog belonged to the Schweizer- 
ischer Techniker Verband, Switzerland, and to the Swiss Club and 
Swiss Benevolent Society, New York. He bequeathed more than 
half of his estate to charitable organizations. 


GEORGE CLEVELAND HICKS, JR. (1867-1937) 


George Cleveland Hicks, Jr., a retired mechanical engineer who had 
been a resident of La Jolla, Calif., for several years, died there on 
January 17, 1937. He was born at Brooklyn, N.Y., on February 8, 
1867, son of George Cleveland and Josephine (Mali) Hicks. He at- 
tended the Brooklyn public schools and the Polytechnic Preparatory 
School, Brooklyn, before entering Cornell University, from which he 
was graduated in 1890 with an M.E. degree. 

For the first five years after graduation, Mr. Hicks was engaged in 
selling, erecting, and servicing engines, steam loops, and refrigerating 
plants for Westinghouse, Church, Kerr & Co. Then from 1895 to 
1900 he was associated with others in the iron business, acting as 
stove and mill-supply agents and endeavoring to establish a rolling 
mill. This not proving successful, Mr. Hicks accepted a position in 
1901 as engineer with the P. H. & F. M. Roots Company, Conners- 
ville, Ind. Subsequently he was elected vice-president and a director 
of the company, and remained there until 1917. During this time, he 
participated in the development and systematization of the line of 
machines manufactured by the company, securing patents on various 
features, performed engineering work in connection with their appli- 
cation, and also engaged to some extent in selling and shop engineer- 
ing. 

When the United States entered the World War, Mr. Hicks severed 
his connection with the Roots organization, received a commission as 
major in the Ordnance Department, and was stationed at Washington, 
D.C., and in New York until he left the service in 1921. During re- 
cent years he had made his home at La Jolla, Calif. 

Mr. Hicks is survived by a sister, Ami Mali Hicks, who resides in 
New York. His wife, Elizabeth (Rubican) Hicks, predeceased him. 

In addition to belonging to the A.S.M.E., of which he became a 
member in 1915, Mr. Hicks was a member of the Phi Upsilon frater- 
nity. Outdoor sports were his special interest. Besides the fifteen 
patents secured in connection with the deveiopment of the Roots 
company’s machinery, Mr. Hicks was subsequently granted three 
patents on pumps. 


HORACE L. HIRSCHLER (1892-1936) 


Horace L. Hirschler was born at Salt Lake City, Utah, on April 2, 
1892, the son of David and Linda (Salz) Hirschler. He prepared for 
college at the California School of Mechanical Arts, from which he 
was graduated in 1911. He secured an A.B. degree from the Uni- 
versity of California four years later, and became research engineer 
fcr Henry M. Marsh, financier, of San Francisco. In 1916 he was 
made engineering partner in the firm of Marsh & Hirschler. Among 
developments investigated by him were high-tension unidirectional 
pulsating-current converters, rotary vane pumps and compressors, 
thermometric motor protection devices, and an automatic coast de- 
fense plotting room. 

During the World War Mr. Hirschler served in the U.S. Marine 
Corps, being advanced from second lieutenant to captain. He com- 
manded a submarine mining group. 

In 1919 Mr. Hirschler returned to civilian work as engineer for the 
Horace Remote Control Company, San Francisco, handling produc- 
tion and installation. He was made chicf engineer in 1921 and served 
in that capacity until 1929. He was responsible for the design and 
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production of the company’s self-adjusting vehicle brakes, non-ex- 
panding hydraulic hose, and ultra-hard brake drums. He improved 
their remote-control devices and devised jigs and tools for the manu- 
facture of these brakes and other control apparatus. The develop- 
ment of semi-automatic curved-cylinder boring machines, devices for 
pilot-house control of the engine rooms on a number of boats, and 
several types of Diesel engines came under his supervision. ‘The 
Trukut slicing machine was produced under his direction. 

Following 1926 he was also in charge of the Pacific Coast Division 
for Louis Hirshler, consulting engineer for the Société de la Viella 
Montagne, smelters and rollers of zinc, lead, and silver. Since 1929 
he had been engaged in consulting engineering and did considerable 
research work. As in previous years, his activities extended to 
both mechanical and electrical engineering problems. 

Mr. Hirschler became a member of the A.S.M.E. in 1927. He was 
also a member of the Society of Automotive Engineers, and a past- 
chairman of its Northern California Section. He was much interested 
in photography and was a member of the California Camera Club, of 
which he was president for two years. 

Surviving Mr. Hirschler are his mother, two sisters, and a brother. 
He died at his home in San Francisco on May 24, 1936, following an 
illness of nearly two years. 


HUGH MACLURE HODGART (1890-1937) 


Major Hugh Maclure Hodgart, M.C., who died at his home, 
“Westerly,” in Paisley, Scotland, on January 9, 1937, after an iliness 
of several months, was the third generation to be connected with the 
firm of Fullerton, Hodgart & Barclay, Ltd., Vulcan Engine Works, 
Paisley, his father and grandfather having both been actively asso- 
ciated with its management. 

Major Hodgart was born in Paisley on June 3, 1890, son of John 
and Eliza Reid (Maclure) Hodgart. He attended the local grammar 
school; Merchiston Castle School, Edinburgh; and Paisley Techni- 
eal College. From 1907 to 1910, he served his time as a molder'’s 
apprentice at his father’s plant, specializing in metallurgy and foun- 
dry work. 

Major Hodgart supplemented this training by a nine-months’ 
special apprenticeship in the foundry and laboratory at the Escher 
Wyss works in Zurich, Switzerland. He then spent a short time be- 
coming familiar with the shop and office routine of Fullerton, Hod- 
gart & Barclay, Ltd., and, in 1911, came to the United States, 
where he stayed for six months, visiting many engineering estab- 
lishments, steel plants, and foundries in the eastern and midwestern 
states in order to study manufacturing processes. 

Upon his return to Scotland early in 1912, Major Hodgart became 
shop manager for Fullerton, Hodgart & Barclay, Ltd., and he con- 
tinued in that capacity until the outbreak of the World War in Au- 
gust, 1914. The following record of his military service, before and 
during the war, is taken from an obituary published in Engineering 
for January 29, 1937. 

“‘A keen Territorial officer, Mr. Hodgart raised a company of the 
Royal Engineers (the Works Company, Renfrewshire Fortress Engi- 
neers), in Paisley in 1911, was promoted to the rank of captain in 
January, 1914, and, in 1915, proceeded to Egypt with his men. 
Subsequently, he commanded the company throughout the battle 
of the Somme and was mentioned in despatches and awarded the 
Military Cross.” 

Mr. Hodgart left the service in 1917 with the rank of major and 
became director of the foundry of Fullerton, Hodgart & Barclay, 
Ltd. Ten years later he was made engineer director of the company 
and placed in charge of general shop management and of the sales of 
its products, including mining equipment and hoists, air compressors, 
hydraulic pumps and presses, steam engines, vacuum evaporators, 
and sugar mills. He was appointed managing director of the com- 
pany in 1932 and continued active in its work until he became seri- 
ously ili in August, 1936. 

Major Hodgart became a member of the A.S.M.E. in 1935. He 
was past-president of the West of Scotland Branch of the Association 
of Mining Electrical Engineers, had been chairman of the Scottish 
Branch of the Institute of British Foundrymen, and was a member of 
the Institution of Engineers and Shipbuilders in Scotland. He wasa 
governor of Paisley Technical College, junior deacon in the James 
Watt Masonic Lodge, Glasgow, and a member of the Glasgow Con- 
servative Club. His other interests were golf, photography, and 
fishing. 

In 1919, Major Hodgart married Grace McGowan Glen, and he is 
survived by her and by their three sons, Charles Glen, Hugh Donald, 
and John Tullis Hodgart. His elder brother, Major Matthew Hod- 
gart, M.C., who succeeded him in the command of the Paisley Com- 
pany, was killed on October 9, 1917. Another brother, Lieut-Col. 
John Hodgart, M.C., commanded the company in later years. 
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OZNI PORTER HOOD (1865-1937) 


Ozni Porter Hood, retired chief mechanical engineer of the U.S. 
Bureau of Mines, and formerly chief of its technologic branch, died 
at his home in Washington, D.C., on April 22, 1937. Death came 
within a year after his retirement on June 30, 1936, following 25 
years’ service with the Bureau. He was born in Lowell, Mass., on 
June 14, 1865, son of Harrison Porter and Vesta Jane (Merrill) Hood. 
Practical experience in his father’s shop at Indianapolis, Ind., and 
courses first at Worcester County Free Institute of Industrial Science 
(now Worcester Polytechnic Institute) and then at Rose Polytechnic 
Institute culminated in graduation with a B.S. degree in mechanical 
engineering from the latter institution in 1885. Later Rose conferred 
upon him the degrees of M.S. (1895), M.E. (1898), and honorary 
Doctor of Engineering (1932). He was a member of Tau Beta Pi, 
honorary engineering fraternity. 

After further experience as patternmaker with his father and a 
few months in 1886 as superintendent of the Royal Manufacturing 
Company, Chicago, Mr. Hood became superintendent of shops at the 
Kansas State Agricultural College and in a few years he was made 
professor of its newly created department of mechanical engineering. 
In 1898, he was made head of the department of mechanical and 
electrical engineering of the Michigan College of Mines. Here in the 
midst of the world’s greatest copper mines began the career of service 
for the mining industry which continued to the end of his days. 

At Houghton, Professor Hood was able to apply his inherited talent 
for mechanical design to the adaptation of machinery to the special 
conditions imposed by deep mining in the copper region. He was 
consultant to the Nordberg Manufacturing Company, and devised 
acceptance tests and designed special units for individual mining 
operations. He also patented a method for balancing a jaw crusher 
so that it could be used in high mine buildings. 

In 1911, Professor Hood, influenced by the crusading zeal of Joseph 
A. Holmes, joined the staff of pioneering investigators of the newly 
created U.S. Bureau of Mines at its Pittsburgh Experiment Station. 
As chief mechanical engineer, he took charge of the fuel investigations, 
coordinating the work and initiating mechanical and electrical re- 
search pertaining to safety in mines. Well in advance of present-day 
mechanization, he organized a system for testing and approving, with 
respect to safety and efficiency, electrical equipment for use in gassy 
coal mines. He installed instrument and machine shops, and pio- 
neered in the study of gasoline mine locomotives. 

Mr. Hood had charge of the design and equipment of the new 
Experiment Station buildings at Pittsburgh, upon the completion of 
which he was called to Washington to take charge of the fuels and 
mechanical division. There he supervised the Bureau’s research on 
the mechanism of combustion in fuel beds and in the practical de- 
velopment of the combustion of powdered coal; he initiated timely 
studies on the gasification of coal and organized a comprehensive 
study of the carbonization of lignite which resulted in the develop- 
ment of a simple unit for the production of lignite char. 

As consulting fuel engineer to the Government, he made substantial 
savings in the production of heat and power and directed nation-wide 
sampling of coal and its analysis in connection with the purchase of 
coal on specifications. He was a recognized authority on smoke 
abatement and was largely responsible for the smokeless atmosphere 
maintained in the District of Columbia. 

In 1926, his broad experience and sound judgment were recognized 
by appointment to the position of chief of the technologie branch of 
the Bureau. As an administrator he had the happy faculty of com- 
bining due respect for theory with unswerving devotion to practical 
matters; in his relations with the division chiefs he was again the be- 
loved professor giving advice and guidance based on a sound philoso- 
phy of relative values and a sympathetic understanding of men and 
motives. 

Professor Hood became a member of the A.S.M.E. in 1904. He 
was also a member of the American Institute of Mining and Metal- 
lurgical Engineers, Society for the Promotion of Engineering Educa- 
tion, American Association for the Advancement of Science, and other 
technical societies, and of the Cosmos Club of Washington, D.C. 

In 1884, Mr. Hood married Gertrude Benight, of Terre Haute. He 
is survived by her, three sons (all engineers), thirteen grandchildren, 
and two great-grandchildren, as well as a brother and sister. 

In closing this appreciation of Professor Hood, nothing could be 
more appropriate than his own words from an address (Mechanical 
Engineering, November, 1935, p. 685) that he prepared for the fiftieth 
anniversary of the first graduating class of Rose Polytechnic In- 
stitute, held in June, 1935: 

“Back of all these simple stabilities in the material world I get 
glimpses of a plan, something tremendously stable and reliable, the 
understanding of which would be very well worth while. It is these 
things of the physical universe that we engineers have tried to un- 
derstand and work with in harmony, even as does the Creator. Be- 
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sides being tremendously ‘atriguing to a curious mind they are soul- 
satisfying in their verity and dependability. Perhaps this is why I 
have found few engineers who think the world dull and life not worth 
living . . .. Anentirely workable philosophy of life can be acquired that 
will leave you at the end of the journey with a song of gladness in 
your heart.” 

{Memorial adapted from an appreciation written by A. C. FretpNER, 
Chief, Technologic Branch, U.S. Bureau of Mines, Washington, D.C.., 
and published in Mining and Metallurgy, June, 1937.] 


PIENCHUN HUANG (1906-1936) 


Pienchun Huang was born on October 1, 1906, at Hoiping, Kwang- 
tung, China, and secured his early education at Tsing Hua College. 
He received the degrees of bachelor of science in electrical engineering 
(1929) and bachelor of science in mechanical engineering (1930) from 
Purdue University and then did graduate work at the Massachusetts 
Institute of Technology, where he received his master’s degree in elec- 
trical engineering in 1931 and in mechanical engineering the following 
year. He was continuing his studies in electrical engineering in Ber- 
lin at the time of his death in January, 1936. 

Mr. Huang became a junior member of the A.S.M.E. in 1933 and 
was also a member of the American Institute of Electrical Engineers. 


C. CAMPBELL HUNICKE (1890-1936) 


C. Campbell Hunicke, whose death occurred on May 22, 1936, was 
born in St. Louis, Mo., on January 20, 1890. His parents were Jay 
Otto and Helene Isabel (Campbell) Hunicke. 

Mr. Hunicke attended the DeWitt Clinton High School in New 
York and in 1910 entered the School of Applied Science, New York 
University. During his four years there he was also employed by 
Samuel E. Darby, patent expert, New York. After obtaining his 
B.S. degree in mechanical engineering in 1914, he attended the Law 
School of the University, which conferred the LL.B. and J.D. degrees 
upon him. He was admitted to the New York State Bar and prac- 
ticed general law and particularly engineering and patent law the re- 
mainder of his life. 

Mr. Hunicke assisted in the development of inventions and was 
himself the inventor of several features of pay-as-you-enter cars. 
During the World War he was connected with the Ordnance Depart- 
ment, U.S. Navy, in inspection work. 

Mr. Hunicke became a junior member of the A.S.M.E.in 1917 and a 
member in 1926. He assisted in the organization of the New Jersey 
Society of Professional Engineers and Land Surveyors, and in 1925— 
1926 was secretary of the Bergen County Chapter of the society. He 
belonged to the Society of American Military Engineers, New York 
County Lawyers Association, and several Republican and political 
organizations. 

Surviving him are his father, a brother, J. Otto Hunicke, Jr., and 
an aunt, Grace Campbell, of Palisade, N.J. His mother died in 
March, 1937. 


GRIFFITH JOHN (1856-1936) 


Griffith John, former chief engineer of the Otis Elevator Company, 
died at the home of his daughter in Plainfield, N.J., on December 30, 
1936. 

For many years prior to his retirement in 1921, Mr. John was ac- 
tively engaged in supervising and managing the installation of ele- 
vators and escalators for the Otis Elevator Company. His work 
took him with crews of assistants to London, where from 1906 to 1909 
he supervised the installation of 171 elevators in the London Under- 
ground Railway, and subsequently to Germany, where he installed 
elevators in the Elbe Tunnel at Hamburg. Since his retirement from 
active work he had served the company as consulting engineer. 

Mr. John was born in Shanghai, China, on January 12, 1856, a son 
of Griffith and Margaret John. His father was a missionary in the 
Orient then and the son was sent to England to be educated. He at- 
tended the Black Heath School, near London, and then served an ap- 
prenticeship in the shops and drafting office of the Siemens Steel 
Works, Swansea, Wales, secured further experience in the drafting 
room of a marine consulting engineer (N. P. Burgh), in London, and 
worked in the engine shop of the Palmer Ship Building Company, 
Jarrow, England. 

Mr. John first came to the United States in 1881 and was employed 
for six years by R. Hoe & Co., New York, before taking a position as 
draftsman with Otis Bros. &. Co., in Yonkers, N.Y. From 1891 to 
1896 he was chief engineer and shop manager of the Whittier Machine 
Company, Boston, which manufactured elevators and subsequently 
became a part of the Otis Elevator Company. He was made engineer 
and general superintendent of the Otis Elevator Works at Yonkers in 
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1896, assistant chief engineer of the company in 1900, and chief engi- 
neer three years later. 

He became a member of the A.S.M.E. in 1899 and was a former 
member of the American Society of Civil Engineers. 

Surviving are his daughter, Mrs. Richard A. Dunn, a sister, Mrs. 
George Sparham, of England, and four grandchildren. 


FRED V. JOHNSON (1880-1937) 


Fred V. Johnson, who died in Baltimore, Md., on December 3, 
1937, was born at Champaign, IIl., on December 3, 1880. He was 
the son of Charles B. and Maria (Lewis) Johnson. Following his 
graduation from the Champaign High School, he matriculated at the 
University of Illinois, from which he received a B.S. degree in me- 
chanical engineering in 1902. 

During the next few years he worked for the Whiting Foundry 
Equipment Company, Harvey, Ill., as draftsman, and in that ca- 
pacity and as field engineer for the Bucyrus Company, of South Mil- 
waukee, Wis. He spent about a year demonstrating the company’s 
locomotive pile drivers. He then went to New York to work with 
Cyrus Robinson, at that time a member of the A.S.M.E., who was 
consulting engineer for Mexican mining properties. Mr. Johnson 
designed mine and smelting plants and supervised their construction, 
continuing in this work until 1910. His next work was for the 
Yuba Manufacturing Company, at Marysville, Calif., designing 
placer dredges and tractors and selling tractors. He was with the 
company for seven years, then returned East and from April 10, 1919, 
to May 1, 1920, was associated with the Tioga Steel & Iron Co., of 
Philadelphia (now located in Easton, Pa., as a subsidiary company 
of the Taylor-Wharton Iron & Steel Co.) as consulting engineer on 
tractor design and manufacture. This company built for him an ex 
perimental farm tractor according to a design on which he secured a 
patent in October, 1919. Mr. Johnson sold this patent to the Avery 
Company, of Peoria, Ill., in 1920 and was connected with that com- 
pany as tractor engineer for several years. Of his subsequent activi- 
ties the following account has been received from the Western Elec- 
tric Company. 

‘‘Mr. Johnson was employed in 1924 by the Western Electric Com- 
pany, at its Chicago plant, as a designer of the special machinery used 
in the communications industry. He was continuously employed on 
this class of work until his death, except for a short period during 
which time he handled engineering service work connected with the 
purchase of commercial machinery. He was made a design section 
chief in 1927 and a department chief in 1930. He was transferred 
to the Western Electric Company’s Kearny plant in 1928 and to its 
Baltimore plant in 1930. 

‘‘Mr. Johnson was a man of kindly nature and of pronounced 
analytical ability, who was interested in younger engineers and al- 
ways ready to draw upon his extensive experience in giving them help- 
ful advice and counsel. He maintained a fresh and active outlook, 
and his family and outside activities, such as golf, motoring, etc., 
occupied a most important place in his life.”’ 

Mr. Johnson became a member of the A.S.M.E. in 1920 and was a 
Mason. He married Lila C. Tulloch in 1916 and is survived by her 
and by three children, Lila Janet, Fred T., and Charles N. L. Johnson, 
all residing in Baltimore. 


EMMET A. JOLINE (1872-1936) 


Emmet A. Joline, vice-president and a director of The S. 8. White 
Dental Manufacturing Co., Philadelphia, Pa., had been associated 
with the company 48 years at the time of his death on October 4, 
1936. He was first employed as a departmental clerk, but within a 
few years was put in charge of all time and cost work in one of the 
main departments of the factory at Prince Bay, S.I., N.Y. Soon 
afterward he was given control of all raw material and finished stock 
and the toolroom of the department. He introduced cost and stock- 
keeping systems, standardized operations for all manufactured arti- 
cles, and classified and planned operation boards for manufacturing 
tools. His next promotion made him head of the department. About 
1906 he was transferred to the main factory office and put in charge of 
all cost work, and later of all production. He was appointed assist- 
ant superintendent in 1913 and factory superintendent three years 
later. His election as a director came in 1926 and he became a vice- 
president the following year. 

Mr. Joline was born in Tottenville, S.I., N.Y., on August 15, 1872, 
son of Frank and Kathrine (Yereance) Joline. He supplemented his 
early schooling with correspondence courses in electrical engineering 
and business administration. He married Hannah B. Ayr in 1896 
and is survived by her and by three children, Frank A. and M. Arthur 
Joline, and Edna (Joline) Van Hise. 

Mr. Joline became an associate of the A.S.M.E. in 1916. 
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EDWIN READ KILLGORE (1874-1936) 


Edwin Read Killgore, superintendent of operations at the San 
Pablo (Calif.) tank farm of the Standard Oil Company of California, 
died in the Richmond (Calif.) Hospital on August 1, 1936, as the result 
of interns’ injuries which he sustained when struck by an automobile 
while crossing the highway near his home. He had been employed 
by the company in various capacities since the first of 1909. He was 
honorary president of the North Division Pipe Line Employees As- 
sociation of the Standard Oil Company of California. 

Mr. Killgore was born on May 7, 1874, in Newport, Coos County, 
Ore., son of Robert Read and Adelaide Eunice (Bushnell) Killgore. 
He attended Horace Mann Grammar School in San Francisco, Calif., 
being graduated in 1890, and then pursued his studies at the Vander 
Naillen School of Engineering, where he specialized in marine engi- 
neering and drafting. 

During the years between 1892 and 1895, he was a machinist’s 
apprentice with the Omnibus Cable & Market St. Ry. and its succes- 
sors, San Francisco, and then was employed at the Risdon Iron Works 
and the Union Iron Works, both of San Francisco, as a machinist for 
ayear. Mr. Killgore went to sea in 1896 as an oiler and water tei-der 
on a vessel belonging to the Pacific Coast Steamship Company and 
in two years had risen to second assistant engineer on the S.S. Paris 
of the International Navigation Company of New York. At the 
outbreak of the Spanish-American War, the United States Govern- 
ment took over the Paris, converting her into the auxiliary cruiser 
Yale, and commissioned Mr. Killgore a warrant machinist in the 
Navy. When the Spanish merchant vessel Rita was captured by the 
Yale, Mr. Killgore was put in charge of the engine room for the voy- 
age to Charleston, S.C., and received a bronze medal from the Govern- 
ment for his part in the capture and subsequent voyage. He was 
honorably discharged from service in September, 1898, and returned 
to the merchant marine, serving as a machinist, assistant engineer, 
and chief engineer on various vessels until 1905. 

Mr. Killgore’s following employment was with the Fidelity & 
Casualty Co. of New York as a boiler inspector at San Francisco and 
New Orleans for three years. He severed this connection to become 
associated with the Standard Oil Company of California in a similar 
capacity at San Francisco in January, 1909, and became assistant 
superintendent at Patterson, Calif.,in January, 1910. In June, 1910, 
he was transferred to Santa Maria, Calif., as acting field superintend- 
ent. The following year, Mr. Killgore was promoted to a division 
superintendent in the pipe line department, and he was stationed at 
Patterson from 1911 to 1931. He was then transferred to the Estero 
Terminal at Morro Bay, Calif., as superintendent of operations of the 
pipe line department, and, in 1935, was placea in charge of operations 
at the San Pablo tank farm, the position that he was holding at the 
time of his death. 

Mr. Killgore became a member of the A.S.M.E. in 1917. He 
served for four years as a director of the Patterson Chamber of Com- 
merce and was elected president in 1931, shortly before his transfer to 
Morro Bay. He was a Royal Arch Mason, Knight Templar, and 
Shriner, and a member of the Fraternity Club, San Francisco. Mr. 
Killgore was a collector of rare coins and of rare books, especially those 
pertaining to history and the Navy. 

He is survived by his widow, Ethel (Andrews) Killgore, whom he 
married in 1923, and by his son, Edward Read Killgore, Jr., of Bev- 
erly Hills, Calif., and stepson, Henry Samuel Crockett Killgore, who 
resides with his mother at Burlingame, Calif. 


CHARLES GEORGE Y. KING (1853-1937) 


Charles George Y. King, who was associated with the Common- 
wealth Edison Company, Chicago, Ill., for nearly forty years, was 
born in Glasgow, Scotland, on March 16, 1853, the son of George and 
Mary Y. King. After a five-year apprenticeship with Messrs. 
James & George Thompson, Clydebank, Glasgow, he studied civil 
engineering at Glasgow University for two years under Professor 
Rankine and then spent several years at sea and working in various 
shops on shore. 

He was a partner in the firm of John H. Wilson & Co., proprietors 
of the Bankhall Engine Works, Sandhills, Liverpool, England, for 
five years and practiced consulting engineering in Glasgow for a year. 
In the early eighteen eighties, Mr. King came to the United States 
and was associated with the Roanoke Machine Company, Roanoke, 
Va., for a year. This employment was followed by an engagement 
with the Edison Electric Light Company, New York, N.Y., in 1883 
and 1884. He then returned to his native city and practiced con- 
sulting engineering until 1888, when he entered the service of the 
Haitian Navy as supervising engineer. 

In 1889, Mr. King returned to New York as superintendent of 
coustruction with the Edison General Electric Company, the begin- 
ning of an association with central-station construction which con- 
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tinued with only one short interruption until his retirement more than 
forty years later. He was in charge of construction and inspection 
for the company until 1892, when he was appointed chief engineer 
for the Cincinnati Edison Electric Company. After about a year 
there he became mechanical engineer with the Chicago Edison Com- 
pany, for which he supervised the design and construction of power 
stations until 1904. For the next few years, Mr. King was engaged 
in general contracting as a partner in the Warwick Construction Com- 
pany, Chicago. He returned to the construction of power stations 
in 1907, when he accepted the position of chief construction engineer 
with the Cosmopolitan Electric Company, Chicago. He was as- 
sociated with this company and with the Commonwealth Edison 
Company, with which it merged in 1913, until his retirement in 1932. 
Mr. King died on February 21, 1937, while staying at West Palm 
Beach, Fla. 

In 1877, Mr. King married Jane Wingate, who died in 1915. His 
four daughters, Evelyn (King) Byrne of West Molesey, England; 
Muriel (King) Clifford, who resides at Detroit, Mich.; Irene (King) 
Hecht, of Evanston, Ill.; and Florence (King) Evers, who lives at 
Wilmette, Ill., survive him. 

He was granted British patents on worm-operated reversible steam 
steering gear. Other inventions on which he obtained patents were 
the first motor-operated gate valve and a remote-control, motor- 
operated, variable-speed governor for reciprocating engines. 

Mr. King had been a member of the A.S.M.E. since 1891 and was 
a Mason. He belonged to the Illinois Naval Militia from 1903 to 
1915. His principal hobbies were collecting curios, building models 
of ships, and painting in oil and water-colors, particularly marine 
scenes and ships. 


ROBERT AUGUSTUS KOCH (1896-1937) 


Robert Augustus Koch died at Woodbury, N.J., on August 29, 
1937. Born at Mantua, N.J., on December 7, 1896, son of August 
Albert and Martha (Niemka) Koch, he obtained his early education 
in the public schools there and at the Wenonah (N.J.) Military 
Academy. He then entered Drexel Institute, Philadelphia, Pa., from 
which he received a B.S. degree in engineering in 1919. He was a 
second class seaman in the U.S. Naval Reserve Force for four years 
beginning in May, 1917, on active duty in the Fourth Naval District, 
Philadelphia, from August to December, 1918. 

Following his graduation Mr. Koch worked for a few months as 
rodman in a surveying party at Yorkship Village, near Camden, N.J., 
for Lockwood, Greene & Co. Subseqvently he was driller and reamer 
for the New York Shipbuilding Corporation at Camden, and chainman 
in the Valuation Department of the Pennsylvania Railroad. 

For about six and a half years, beginning in March, 1921, he was 
employed by the Sun Oil Company, of Marcus Hook, Pa. He worked 
as a tester in connection with various types of stills and became fore- 
man of press stills. He resigned this position to become superintend- 
ent of the Bertrin Petroleum Company, Maurer, N.J. In addition 
to directing the operation of their Cross high-pressure still for manu- 
facturing gasoline, he redesigned parts of the equipment to secure 
better fractionation. This was the work in which he was engaged 
when he became an associate-member of the A.S.M.E. in 1930. Later 
he went to Aruba, D.W.I., to serve as assistant chief safety inspector 
tor the Lago Oil & Transport Co., Ltd., and subsequently took a posi- 
tion as draftsman-engineer with the Standard Oil Company of New 
Jersey at Aruba. He returned to the States early in 1936, because of 
ill health, and since then had been connected with the General Engi- 
neering Department of the company. He was automatically trans- 
ferred to full membership in the A.S.M.E. in 1935. He was a Mason 
and an Odd Fellow and had been active in Boy Scout work, both in 
the United States and at Aruba. 

Mr. Koch is survived by his widow, Cora (Adams) Koch, whom he 
married in 1921. 


EDWARD J. KUPFERLE (1846-1936) 


Edward J. Kupferle, a pioneer in the heating, ventilating, and 
refrigerating industry in St. Louis, Mo., died in that city on September 
24, 1936, in his ninety-first year. He retired from business in 1920 
but was in good health and was seen frequently on the local golf 
course until he was injured in an automobile accident, in 1932. He 
had also been an ardent hunter and fisherman. He was unmarried 
and made his home with a niece, Estelle M. Koetter. 

Mr. Kupferle had been a lifelong resident of St. Louis, where he was 
born on February 7, 1846. He served an apprenticeship with John 
Kupferle & Co. from 1860 to 1863 and subsequently was shop foreman 
for the company. The Eads Bridge was then being erected at St. 
Louis and Mr. Kupferle assisted in the design and manufacture of 
special machinery for that work. 
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Shortly after this he went into the business of installing heating 
and ventilating systems and manufacturing brass goods, as president 
of the Kupferle Bros. Manufacturing Co. Later refrigeration was 
added to the business; the company had a special exhibit on refrigera- 
tion at the St. Louis Wor!d’s Fair in 1904. 

Mr. Kupferle became a member of the A.S.M.E. in 1899. 


HARRY HEWES LEATHERS (1879-1936) 


Harry Hewes Leathers, whose death occurred at Bangor, Me., on 
December 18, 1936, was born in the town of Hermon, near Bangor, on 
June 5, 1879. His parents were John Ward and Frances Augusta 
(Hewes) Leathers. 

Mr. Leathers was graduated from the University of Maine with a 
bachelor’s degree in mechanical engineering in 1900 (after serving in 
Cuba, during the Spanish-American War, from July 15, 1898, to 
March 31, 1899), and took his master’s degree four years later. 

His early engineering experience consisted of five years with the 
Boston Elevated Railway Company, which he served successively as 
draftsman, clerk, and engineer in the motive power office, testing 
fuels and working on boilers, engines, and other equipment in the 
power station. He next spent six years with the Stone & Webster 
Engineering Corp., where he held the positions of draftsman, in charge 
of the mechanical drafting room; assistant to the gas engineer; as- 
sistant engineer; and finally engineer. All of his work for this com- 
pany related to the design and construction of power houses, gas 
plants, ete. 

About 1911 Mr. Leathers entered the employ of the Schumaker- 
Santry Company as engineer and salesman. He investigated and re- 
ported on plants with reference to the installation of turbines, mechani- 
cal stokers, and miscellaneous power-plant equipment. He was 
elected a vice-pi »sident of the company in 1917 and served as such 
until 1925, when he resigned to organize his own business in New 
England. He was in full charge of sales and installations for the 
Schumaker-Santry Company from 1920 until he left the organiza- 
tion. 

In February, 1925, Mr. Leathers’ agency took over the account of 
the Fuller-Lehigh Company in the New England territory. He also 
handled the sales of Moore turbines, Copes feedwater regulators, and 
other equipment. Associated with him in business was R. L. Sit- 
tinger and on July 1, 1929, Mr. Leathers turned over to him all the ac- 
counts except that of the Fuller-Lehigh Company, for which he con- 
tinued as Boston sales manager until the company was merged com- 
pletely with the Babcock & Wilcox Co. In June, 1933, Mr. Leathers 
began working out of the Boston office of the Babcock & Wilcox Co., 
devoting his time to the State of Maine and the northern part of 
New Hampshire. He was serving in that capacity at the time of his 
death. 

Mr. Leathers became a member of the A.S.M.E. in 1916. He be- 
longed to the Engineers Club of Boston, the Belmont Springs Country 
Club (Belmont, Mass.), and to several Masonic groups. He is sur- 
vived by his widow, Willa Helene (Johnston) Leathers, and by two 
sons, Kenneth Hewes Leathers and Willard Gardiner Leathers. 


ERNEST C. LEERS (1878-1936) 


Ernest C. Leers, operating engineer for the Passaic Valley Sewerage 
Commission of the State of New Jersey, died at his home in Clifton, 
N.J., on March 3, 1936. He is survived by his widow, Helen (Was- 
sung) Leers, whom he married in 1902, and their son, Frank Ernest 
Leers; also by his mother, Margaret Leers, a sister, Mrs. Matilda 
Jeffreys, and a brother, Rudolph Leers. His father was Frank S. 
Leers. 

Mr. Leers was born in Hoboken, N.J., on October 19, 1878. Follow- 
ing his graduation from public school in Paterson, N.J., at the age of 
twelve, he was sent to Germany where he continued his studies until 
he was twenty, securing his technical training there. After his re- 
turn to the United States he was employed at the Cooke Works 
(Paterson) of the American Locomotive Company from 1901 to 1904 
as draftsman and he was again employed there in that capacity and 
as inspector from 1922 to 1925, when the works were closed. He also 
spent two periods with the Atlantic, Gulf & Pacific Co., New York, 
N.Y. (1913-1916 and 1925-1927), working as draftsman, designer, 
and inspector on the construction of dredges and dredging machinery. 
Similar work was performed for Theo. Smith & Sons Co., at the New 
Vulean Iron Works, Jersey City, N.J., for nine years beginning in 
1904. 

Other companies with which Mr. Leers was associated were Leslie 
& Elliott Co. Boiler Works, Paterson, for which he was draftsman and 
superintendent from 1916 to 1919; National Marine Engine Works, 
Scranton, Pa., of which he was works manager from 1920 until the 
plant closed in 1922; The Griscom-Russell Company, New York, 
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where he was employed as draftsman from January to November, 
1927; and the New York Indemnity Company, for which he was an 
inspector of boilers in 1928-1930. 

Mr. Leers entered the employ of the Passaic Valley Sewerage Com- 
mission in April, 1931, as an operating engineer on shift duty in the 
maiutenance of an electrically operated pumping station located at 
Wallington, N.J. This station receives the sewage from Garfield, a 
part of Passaic, a part of East Rutherford, and Wallington, and pumps 
it across the Passaic River into the main intercepting sewer, the aver- 
age daily flow being about nine million gallons. Mr. Leers’s duties 
consisted of operating and having complete charge of this station dur- 
ing his shift. 

Mr. Leers became a member of the A.S.M.E. in-1928 and was a 
Mason. 


ADOLPH LIETZ (1860-1935) 


Adolph Lietz, whose death occurred on June 17, 1935, in San Fran- 
cisco, Calif., was born at Lubeck, Germany, on April 25, 1860. He 
attended a German trade school for four years and at the age of 
twenty came to the United States, locating in San Francisco. After 
having worked for several manufacturers of scientific instruments he 
took a position in 1881 with a repairer of astronomical and surveying 
instruments. He purchased the business before the close of the year, 
and in 1882 established the firm of A. Lietz & Co., which ten years 
later was incorporated under the name of The A. Lietz Co. 

At first Mr. Lietz devoted his time to the manufacture of surveying 
instruments only, but soon realized that there were excellent possi- 
bilities in the growing seaport of San Francisco for the manufacture 
of nautical instruments. <A larger plant, built in 1905, was de- 
stroyed by the earthquake and fire of the following year, but Mr. Lietz 
rebuilt, incorporating in the new plant the most modern machinery 
for the manufacture of engineering and scientific instruments. He 
continued as active president of the company until the time of his 
death, developing and improving its products, which included many 
of his own invention. He had patented a compensating binnacle, 
compass-deviation finder, transparent mariner’s compass, navigator’s 
alidade, transits, and a clutch for navigational sounding machines. 
The business is being carried on under the direction of Adolph Lietz, 
Jr., president, and Otto H. Lietz, vice-president and treasurer of the 
company. 

Mr. Lietz had been a member of the A.S.M.E. since 1923, and was 
also a member of the Engineers’ Club of San Francisco. 


EDWARD WILLIAM LINDQUIST (1875-1936) 


Edward William Lindquist, manager of the San Francisco office of 
the Allis-Chalmers Manufacturing Company from 1917 to 1935, died 
in that city on September 17, 1936. 

Mr. Lindquist was born in Chicago, Ill., on January 7, 1875, son of 
Anders and Josephine Lindquist. He attended Chicago schools, in- 
cluding manual training school, and from 1893 to 1895 was employed 
as mechanical draftsman by the Walburn Swenson Company in that 
city. He then entered the employ of Fraser & Chalmers, which be- 
came a unit of Allis-Chalmers in 1901, as mechanical draftsman in the 
mining department. He was promoted to chief draftsman of the 
department in July, 1898, and continued in that position until June, 
1902, when he became mechanical engineer for the Pittsburgh & Mon- 
tana Copper Co., at Butte, Mont. There he was engaged in develop- 
ing and applying the smelting process invented by Ralph Baggaley 
(Mem. A.S.M.E.). 

Mr. Lindquist reentered the employment of Allis-Chalmers in 
August, 1906. The following account of his subsequent work for the 
company was published in the Allis-Chalmers Industrial Review. 

‘He located first in Milwaukee, doing special work for the mining 
and legal department, after which he went to San Francisco as a spe- 
cial salesman in connection with crushing and mining machinery. He 
remained at that office until 1910, when he was transferred to the 
Chicago office as a special representative of the Mining Division, for 
which he traveled extensively all over the country and particularly 
covered the iron ranges in Northern Michigan and Minnesota. 

‘In August, 1917, he returned to San Francisco as district manager, 
in which post he remained until his retirement in December, 1935. 

‘‘Mr. Lindquist had many important and responsible assignments 
for the company. One of those had to do with the reconstruction of 
the Bunker Hill and Sullivan mining concentrator after it had been 
destroyed by dynamite. During the strike of the miners in Idaho 
conditions became so strained that violence resulted and the mill was 
blownup. Within a few days, Mr. Lindquist was on his way to Idaho 
to supervise the designing of a new mill to replace the one destroyed 
and to make use of such parts of the equipment and pieces thereof as 
could be salvaged from the wreckage. 
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“Mr. Lindquist had a very pleasing personality and in the broader 
work connected with handling all of the products of the company in 
his capacity as district manager he made a host of friends for Allis- 
Chalmers.”’ 

Joining the A.S.M.E. in 1902 as a junior member, Mr. Lindquist 
was promoted to full membership three years later. He was a Mason 
and belonged to the Olympic and Transportation clubs in San Fran- 
cisco. His chief recreation was golf. 

Mr. Lindquist is survived by two daughters, Mrs. Edward P. Mey- 
ers and Mrs. Theodore W. Kirsch, both of Berkeley, Calif. His wife, 
Kathrine E. (Gram) Lindquist, whom he married in 1899, died in 
November, 1935. 


LARS J. LOFGREN (1876-1936) 


Lars J. Lofgren, who died at his home in East Orange, N.J., on 
March 9, 1936, had been connected with the Public Service Electric 
& Gas Co., Newark, N.J., and its predecessor companies, since 1913. 
His position was that of chief piping designer on steam power stations, 
gas plants, cement mills, and general contracting when he first began 
work for the Public Service Production Company, and he continued 
to hold that title and to do similar work until his death. 

Mr. Lofgren was a native of Sweden, but became a naturalized 
citizen of the United States in 1913. He was born at Ekshiirad, 
Sweden, on September 19, 1876. He attended the Practical School 
at Kristinehamm from 1890 to 1895 and received the degree of Me- 
chanical Engineer from Boras College in June, 1899. During the 
next few years he was employed by Calvert & Co., Gothenberg, Swe- 
den, as mechanical designer on general contracting work such as 
power stations, and paper and textile mills. 

Mr. Lofgren came to the United States in 1902 and was successively 
employed as mechanical designer by the U.S. Steel Corp., Homestead, 
Pa., 1902-1903; American Smelting & Refining Co., New York, 1903- 
1905; several contracting firms in New York, 1905-1908; E. W. Bliss 
& Co., Brooklyn, 1908-1910; Toledo (Ohio) Machine & Tool Co., 
1910-1911; N.Y. Central R.R., New York, 1911-1912; and Gould 
and Eberhart, Newark, 1912-1913. 

Mr. Lofgren became a junior member of the A.S.M.E. in 1927 and 
also belonged to the American Society of Swedish Engineers. He is 
survived by his widow, Ida (Harmanson) Lofgren, Traneberg, Swe- 
den, whom he married in 1908, 


HENRY C. LOMB (1872-1936) 


Henry C. Lomb, a member of the A.S.M.E. since 1927, died at the 
Fifth Avenue Hospital, New York, N.Y., on March 15, 1936. Mr. 
Lomb was born in Jersey City, N.J., on July 11, 1872, son of Henry 
and Emilie (Klein) Lomb. His early public-school education was ob- 
tained in Rochester, N.Y., where he also attended the University of 
Rochester from 1890 to 1892. He transferred to Cornell University, 
where he took a B.S. degree in 1894. He continued the study of 
physics and optics at the University of Berlin from 1895 to 1898 and 
at Munich and Vienna during the next four years. 

After his return to the United States Mr. Lomb was on the scien- 
tifie and research staff of the Bausch & Lomb Optical Co. until 1910. 
In 1913 he became interested in the Standard Scientific Company, 
New York, established by Newell D. Parker to manufacture and sell 
scientific instruments, including mechanical laboratory test equip- 
ment, optical equipment, electrical devices for laboratory use, and an 
extensive line of scientific equipment for acoustical work. Mr. Lomb 
was responsible for much of the design and for the manufacturing 
methods used in the production of laboratory apparatus for schools 
and colleges. He served as treasurer of the company until 1919 when 
he became associated with the Waverly Novelty Company, which two 
years later changed its name to the Waverly Musical Products Co., 
Inc. This took over the acoustical business of the Standard Scientific 
Company, whose other assets were sold in 1924 to the Chicago Ap- 
paratus Company. Mr. Lomb was president and treasurer of the 
Waverly organization, which was at first located in Long Island City, 
N.Y., and later in Jersey City, until the time of his death. 

Mr. Lomb was president for a number of years of the National As- 
sociation of Musical Merchandise Manufacturers, Inc., and was a 
member of Sigma Xi. He is survived by his widow, Minnie (Steve) 
Lomb, whom he married in 1908, and by three children, Donald H.., 
Emily C., and Constance E. Lomb. 


THEODORE LUCAS (1867-1936) 


Theodore Lucas, associate naval architect at the Norfolk Navy 
Yard, Portsmouth, Va., died in that city on July 12, 1936. Although 
born and educated in Germany, Mr. Lucas had spent the most of his 
life in the United States, where he had wide experience in marine engi- 
neering, particularly in connection with Diesel engines. He became 
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a naturalized citizen in 1897. He had been a member of the Society 
of Naval Architects and Marine Engineers since it was organized in 
1893 and a member of the A.S.M.E. since 1924. He had contributed 
a number of his own articles to the technical press, and had also made 
translations in Spanish, German, and French for engineering publica- 
tions. 

Mr. Lucas was born at Meldorf, Germany, on April 9, 1867, son of 
Jacob G. and Sophie (Vaupel) Lucas. After attending the Poly- 
technikum at Charlottenburg he was employed as a draftsman at the 
Germania works at Kiel, Germany, before coming to the United 
States. His early experience in this country was in connection with 
the torpedoboat Ericsson, at Dubuque, Fla.; as chief draftsman for 
Gardner & Cox, New York; as leading draftsman for the gunboat 
Princeton, while with Dialogue & Sons, Camden, N.J.; and with the 
Wm. Cramp & Sons Ship & Engine Building Co., Philadelphia, Pa., 
in charge of calculations. 

Beginning in 1905, Mr. Lucas spent periods of two or three years 
with the following companies: American Diesel Engine Company, 
New York, as chief draftsman; Fairbanks Company, New York, as 
mechanical engineer for testing marine and stationary gas and gaso- 
line engines; N.Y. Engine Co., Watertown, N.Y., as mechanical engi- 
neer for the design and tests of producer gas and Diesel oil engines; 
Gielow & Orr, New York, in charge of the design of marine engines, 
piping, and installations; and J. W. Sullivan Co., New York, in charge 
of the design of marine engines for tugs, yachts, ete., and auxiliaries. 

He did considerable work in connection with mechanical injection 
for two- and four-cycle heavy oil engines. In 1918 and 1919 he was 
associated with the De La Vergne Machine Company, Price Engine 
Corporation, and Ingersoll-Rand Company in the application of the 
Price system of mechanical injection to four-cycle heavy oil engines. 
Subsequently he was chief engineer for Aug. Mietz Corp., New York, 
and consulting engineer for the Wolverine Motor Works, Bridgeport, 
Conn., in connection with tests of engines using mechanical injec- 
tion. Prior to going to the Norfolk Navy Yard he was also designing 
engineer for Combustion Utilities Corporation, New York, and carried 
on independent work as draftsman and translator for several years. 

Mr. Lucas is survived by a daughter, Sophie Louise Lucas, of 
Somerville, N.J. His wife, Grace Gaston Lueas, whom he married 
in 1896, died in 1917. 


EDWIN HENRY LUDEMAN (1874-1934) 


kdwin Henry Ludeman, whose death occurred on November 6, 
1934, at his home in Brooklyn, N.Y., was born in that city on May 
25, 1874, son of Henry Harm and Dorothea Ludeman. He attended 
public schools in Brooklyn and had always made his home there. He 
was engaged for many years in the sale and installation of engine and 
boiler power plants. In 1904, when he became an associate of the 
\.S.M.E., he was sales representative of a number of companies, in- 
cluding the Fitchburg Steam Engine Company, of Fitchburg, Mass., 
and Houston, Stanwood & Gamble Co., of Cincinnati, Ohio, with an 
office in New York, N.Y. Later he represented the Skinner Engine 
Company, Erie, Pa., and became president of Ludeman Bros., Inc., 
and of the Concrete Vibrator Corporation, both of New York. 

Mr. Ludeman is survived by his widow, Henrietta Dorothea Lude- 
man, whom he married in 1898, and by two sons, Richard Ludeman. 
and Edwin H. Ludeman, Jr., as well as by a brother, Oscar H. 
Ludeman. 


WILLIAM LORD LYALL (1863-1937) 


William Lord Lyall, who died on April 15, 1937, was born in New 
York, N.Y., on June 24, 1863, son of William and Kitty (Earl) Lyall. 
His early education was secured in private schools in New York, Eng- 
land, and Elizabeth, N.J. At the age of ten he was put into public 
school in New York and, prior to entering the Stevens Institute of 
Technology, he studied for two years at the College of the City of 
New York. He was graduated from Stevens in 1884, with a degree in 
mechanical engineering, and subsequently spent several months in 
Germany and England. 

Upon his return in 1885 he began work with J. & W. Lyall, New 
York, manufacturers of looms and other textile machinery, pulleys, 
shafting, etc. In the process of learning the business he served in 
various capacities, including those of draftsman, designer, erection 
engineer, and salesman, for the Lyall works or its Brighton Mills, in 
Passaic, N.J., and Jute Mills, in Chelsea, Mass. After about five 
years’ experience he was made superintendent of the Lyall works and 
served in that position and as mechanical engineer for the Brighton 
Mills until 1900. At that time he was placed in general charge of 
the design and erection of the new plant of the Brighton Mills, upon 
the completion of which he became treasurer and general manager of 
the plant. In 1916 he took the additional office of president of the 
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Brighton Mills. In 1925, after relocating the mills at Shannon, Ga., 
under the name of the Southern Brighton Mills, Mr. Lyall became 
chairman of the board of the company, retiring from active executive 
work and giving his attention to the real estate of the company in 
Passaic and Clifton, N.J. 

Mr. Lyall became a junior member of the A.S.M.E. in 1887 and a 
member in 1893. He also belonged to the National Association of 
Cotton Manufacturers and the Delta Tau Delta fraternity, and had 
been a governor of the Passaic General Hospital Association for many 
years. He is survived by his widow, Cecelia (Lambert) Lyall, whom 
he married in 1902, and by three children, William, Mary, and David. 
Another son died in 1929, at the age of fourteen. 


LEONARD CHANDLER LYLES (1908-1936) 


Leonard Chandler Lyles, whose death occurred on May 6, 1936, 
was born at Clinton, Iowa, on October 11, 1908, son of Mr. and Mrs. 
W. M. Lyles. He attended the Clinton High School and was gradu- 
ated from Iowa State College, at Ames, with a B.S. degree in me- 
chanical engineering, in 1930. His major departmental work in college 
was withthe automotive group and hismajorinterests were motor design 
or testing, and machine design. He was vice-president, in his junior 
year, of the Porpoise Club (honorary swimming) and, in his senior 
year, of the Delta Upsilon chapter. He advanced from first sergeant 
to captain of the Reserve Officers’ Training Corps. He was a member 
of the Student Branch of the A.S.M.E. while in college and in 1933 be- 
came a junior member of the Society. 

In order to defray part of his college expenses, Mr. Lyles had 
worked in the divisional storeroom of the Chicago & Northwestern 
R.R. and as manager of a service station for short periods, and had 
spent some time in the employ of the Climax Engineering Company, 
Clinton, where he gained experience in welding, heat treating, and 
operating drilling, grinding, and milling machinery. 

Following his graduation Mr. Lyles became a student engineer with 
the Ingersoll-Rand Company at Phillipsburg, N.J. After a year and 
a half there he took a position in the Industrial Research Department 
of the Pure Oil Company, Chicago, Ill., where he was employed until 
October 1, 1934, when he resigned because of illness and returned to 
his home in Clinton, where he remained until his death. He married 
Edna Anderson, of Roland, Iowa, in 1932, and is survived by her. 


SCOTT LYNN (1887-1936) 


Scott Lynn, president of the Sangamo Company Limited, Toronto, 
Ontario, Canada, died at his home in that city on January 1, 1936. 
He was born at Salt Lake City, Utah, on October 14, 1887, son of 
William Penn and Lily E. A. Lynn. His work for the Sangamo com- 
pany began in 1910, following his graduation from the United States 
Naval Academy, and was interrupted only by a year in 1913-1914, 
which he spent with the U.S. Smelting & Refining Co. and American 
Smelting & Refining Co., in connection with special smelter design 
work and mechanical layout. 

During his first three years with the Sangamo company Mr. Lynn 
was engaged in mechanical drafting and tool design, in the office at 
Springfield, Ill. In 1912 he was appointed assistant to the general 
manager. When he returned to the company in 1914 he went into 
the sales end of the organization, as district manager and special rep- 
resentative covering all of New York State except the City of New 
York, with headquarters at Rochester. 

Prior to 1917 the manufacturing end of the business had been con- 
fined to the United States. The Canadian factory was established 
under the direction of Mr. Lynn at that time and he served as its 
manager and as secretary-treasurer of the Canadian company until 
1926, when he was elected vice-president. He was made assistant 
secretary of the parent company in 1919 and president of the Sangamo 
Company Limited in 1931 following the absorption of the Lincoln 
Meter Company Ltd. by the Sangamo Company Limited. The 
Lincoln-Sangamo temand energy meters, both single-phase and poly- 
phase, and the S-2 alternating-current induction watt-hour meter 
were developed under Mr. Lynn and he had served as director of the 
Lincoln Meter Company. 

Mr. Lynn had been a member of the A.S.M.E. since 1927. He had 
served on committees of the Canadian Electrical Association and 
Canadian Engineering Standards Association, was a Fellow of the 
American Institute of Electrical Engineers, and a member of the In- 
stitution of Electrical Engineers, American Society for Steel Treating 
(now the American Society for Metals), and Ontario Association of 
Professional Engineers. His clubs included the National, Toronto, 
and the Mount Stephen, Montreal, as well as several golf and country 
clubs. 

Mr. Lynn married Ann Richardson Lanphier in 1913 and is sur- 
vived by her and by their son and daughter, Scott, Jr. and Francine 
Lynn. 
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WALTER L. MacINTOSH (1882-1936) 


Walter L. MacIntosh, whose death occurred in Detroit, Mich., on 
August 22, 1936, was born in Provincetown, Mass., on August 8, 1882. 
His parents were Daniel Campbell] and Rebecca (Kane) MacIntosh. 

Mr. MacIntosh was educated in Brooklyn, N.Y., attending ele- 
mentary and high school there and receiving a certificate for a course 
in mechanical engineering from Pratt Institute in 1901. During the 
next two years he was employed as a draftsman by the Vehicle Equip- 
ment Company and as mechanical engineer by Cornelius Vanderbilt. 
He entered the service of the Consolidated Gas Company of New 
York as a draftsman in 1903 and continued with the company until 
his death. He was advanced to the position of chief draftsman in 
1908 and to that of assistant engineer of construction in 1927. 

Mr. MacIntosh became a member of the A.S.M.E. in 1915. Since 
1930 he had represented the American Gas Association on the Sec- 
tional Committee on Drawings and Drafting Room Practice and also 
served on the Subcommittee on Specifications for Paper and Cloth. 
He was a member of the Masonic fraternity. 

Surviving Mr. MacIntosh are his widow, Anna C. (Nordenholt) 
MacIntosh, whom he married in 1916, and their three children, Mrs. 
Dorothy Haedrich, and Jean and Walter L. MacIntosh, Jr. 


HENRY MAHON MacSWEENEY (1882-1937) 


Henry Mahon MacSweeney was born in Galway, Ireland, on Janu- 
ary 12, 1882, son of John and Mary (McCullagh)MacSweeney. He 
was educated at Ashtown, Woodlawn County, Ireland, where he at- 
tended the Ashtown private school and served a special apprentice- 
ship in mechanical and electrical engineering. He also attended the 
Ranelagh Grammar School, 1898-1900, and during the next five 
years, while employed in Edinburgh, he took a night college lecture 
course in mechanical engineering. 

Mr. MacSweeney then came to the United States and for about 
seven years, beginning in March, 1905, was chief engineer, in charge 
of power plants, at the Trenton Shops of the New York Division of 
the Pennsylvania Railroad. During this period he spent some time 
in 1909-1910 with the Westinghouse Electric & Manufacturing Co. 
at East Pittsburgh, to learn about turbo-generator construction, in- 
stallation, and tests. 

Resigning from his position with the P.R.R. in 1912, Mr. Mac- 
Sweeney took up special work on plant layout for the Gray National 
Telautograph Company, New York, N.Y., in which he was engaged 
until early the following year. He was next chief construction and 
layout engineer for the Gamewell Fire Alarm Telegraph Company, of 
Newton Upper Falls, Mass., working on the design and installation of 
central offices and fire-alarm and signal systems in cities in the East 
and in Mexico. After a year with this company he became assistant 
division engineer with the Oregon Short Line Railroad Company in 
charge of power plants and water stations from Salt Lake City, Utah, 
to Lewiston, Idaho, with headquarters at Pocatello, Idaho. 

At the outbreak of the World War Mr. MacSweeney joined the Cana- 
dian Army, and in September, 1914, was sent overseas with the 
Canadian Army Royal Engineers. Later he was transferred to the 
Canadian Machine Guns. He was attached to the staff of General 
Sir Douglas Haig in 1917 as special instruction engineer at Rouen, 
France, and later that year was attached to the Italian Army Engi- 
neers, and joined the British Heavy Artillery on the Italian Front, 
working on concrete emplacements. He was demobilized in New 
York in October, 1919. He was awarded the Mons Star for service 
in 1914, the Canadian Long Service Meritorious Medal, the British 
Military Medal, the Italian Military Medal, and the Croix de Guerre 
Belge, and was mentioned in dispatches by Sir Douglas Haig in 1917. 

Following his demobilization Mr. MacSweeney took a position with 
the American Gas & Electric Co., New York, as assistant efficiency 
engineer and turbine engineer, covering all power stations outside 
the city of New York. In 1920, he went with the Western Electric 
Company, to design automatic telephone systems’ including the se- 
quence switches and line finder banks and circuits, at the Hawthorne 
Works, Chicago. 

He was called from this work in 1921 to assist in the valuation and 
inspection of the property of the Denver Tramways Company and 
subsequently testified before the Federal Court in Denver as an ex- 
pert engineer witness in the case of the City of Denver vs. the Denver 
Tramways Company. 

Upon the completion of this service, Mr. MacSweeney obtained a 
position in 1922 with the Southern California Edison Company as 
engineer of the Generation Department and problem engineer on 
power-plant operation. Later he assumed the duties of engineer of 
rehabilitation of old steam plants. His work for this company, which 
continued until the end of June, 1924, covered all steam and hydro 
plants, including the Long Beach steam plant, Big Creek hydro 
plants, and Kern River plants. 
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Mr. MacSweeney was next connected with the American Trona 
Corporation, at Trona, Calif., in the position of maintenance engi- 
neer and superintendent of plant and railway. He supervised the 
design of all structures, steel and concrete, all electrical installations, 
and considerable equipment, including evaporators, continuous-flow 
crystallizers, vacuum pans, double-tube and vacuum coolers, and 
conveying and pumping equipment. He remained with the corpora- 
tion until the fall of 1925, then spent six months with the Holly Sugar 
Company, of Colorado Springs, designing a new plant at Torrington, 
Wyo. Subsequently he engaged in mining his gold and silver claims 
in California. 

In 1928 Mr. MacSweeney was appointed technical adviser on engi- 
neering and chief engineer for the Liberian Government, West Africa. 
Letters received by relatives during 1929 refer to the installation of a 
wireless station at Cape Palmas, and to road and bridge construction. 
Lack of funds for further work necessitated his recall before the close 
of the year and he returned to California. He was not able to find 
regular employment again. His death, at his apartment in Los 
Angeles, in May, 1937, was caused by carcinoma of the liver. He 
was given a military funeral by the Canadian Benevolent Society of 
Los Angeles. He is survived by three brothers, William, Floral Park, 
L.I., N.Y., John, Orange Lake, N.Y., and Thomas, Belfast, Ireland; 
two sisters, Elizabeth (MacSweeney) Peirce, New York, N.Y., and 
Elinor (MacSweeney) Johns, Beacon, N.Y.; and a niece, Consuelo 
Peirce, New York. 

Mr. MacSweeney became an associate-member of the A.S.M.E. in 
1927 and was automatically transferred to full membership in 1935. 


OTTO MARUM (1895-1937) 


Otto Marum was born at Deidesheim, Germany, on September 
15, 1895, a son of Henri and Karolina (Wolf) Marum, and died on 
February 17, 1937. He received his early education in the Oberreal 
Schule, Neustadt-an-der-Hardt, and was graduated from the Poly- 
technikum at Céthen in 1921 with a degree in mechanical engineering. 

Following his graduation, Mr. Marum was engaged by Albert 
Wagner, Ludwigshafen-am-Rhein, as a draftsman in the heating, 
ventilating, and pneumatic-conveying department, and, when he 
left in 1923 to come to America, he had been promoted to chief drafts- 
man. His first work in the United States was as a mechanic in the 
Newark, N.J., plant of the Westinghouse Electric & Manufacturing 
Co., but after working there for about six months, he secured a posi- 
tion with the U.S. Galvanizing & Plating Equipment Corp., Brook- 
lyn, N.Y., where he designed automatic machines for the Lynn, 
Mass., and the Fort Wayne, Ind., plants of the General Electric 
Company. From 1925 to 1928, Mr. Marum was chief draftsman 
and assistant chief engineer with the Midwest Steel & Supply Co., 
Bradford, Pa., where he developed a new automatic air-filtering 
equipment of the viscous type. His next employment was with the 
York Ice Machinery Corporation, Brooklyn, laying out new refriger- 
ating plants. 

In 1929, Mr. Marum accepted the position of plant engineer with 
the Agfa Ansco Corporation, Binghamton, N.Y., where he was in 
charge of equipment for air conditioning, refrigeration, water supply, 
compressed air, and associated services. During the eight years 
that he was with this organization, he designed and installed numer- 
ous high-efficiency air cleaners and supervised the installation of 
new refrigerating, pumping, and ventilating equipment. Mr. Marum 
subsequently was appointed mechanical engineer in charge of power 
refrigerating and air conditioning. 

Mr. Marum was elected to associate membership in the A.S.M.E. 
in 1931 and was automatically transferred to the member grade in 
1935. He was also a member of the American Society of Heating 
and Ventilating Engineers. He became a naturalized citizen of the 
United States in 1930. 

Mr. Marum was a widower at the time of his death, his wife, 
Norma (Fitch) Marum, whom he married in 1932, having died in 
1934. He is survived by a brother, Fred, of East Orange, N.J., and 
by his mother, of Frankfort, Germany. 


GUSTAVE C. MARX (1868-1936) 


Gustave C. Marx, an employee of The Singer Manufacturing Com- 
pany and of its Electrical Division, the Diehl Manufacturing Com- 
pany, Elizabethport, N.J., for more than fifty years, died suddenly of 
a heart attack at the Elizabeth General Hospita! on September 19, 
1936. Mr. Marx was also president of the Board of Adjustment of 
the City of Elizabeth. 

Born in Breslau, Germany, on September 4, 1868, son of Gotthelf 
and Agnes (Beckstein) Marx, he was brought to the United States 
when he was four years old. He attended public schools in Passaic 
and Somerville, N.J., before entering the employ of The Singer Manu- 
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facturing Company at the age of sixteen. After several years’ work 
as clerk and toolkeeper he served an apprenticeship in the toolroom, 
then was transferred to the drafting department, where he worked on 
tools and automatic machinery. He was put in charge of the drafting 
department of Diehl & Co., now the Diehl Manufacturing Company, 
in 1892, and continued as chief draftsman and designer during the 
remainder of his life. He increased his technical knowledge by taking 
correspondence courses in electrical and mechanical engineering. 

In a brief review of his work submitted by Mr. Marx when he ap- 
plied for membership in the A.S.M.E. in 1931 he said that during his 
years with the company he had designed special automatic winding 
machines; converted belt-driven tools to electric drive; and de- 
veloped direct- and alternating-current motors and generators of all 
kinds. He designed and installed electric equipment in the Singer 
factory at South Bend, Ind., St. Johns, Canada, and Singer Building, 
New York, and directed many other installations. He was patentee 
or copatentee of an electric motor power transmission drive, electri- 
cal controller, electric switching device, electric resistance device, 
bearings for electric fans, commutator and commutator bar, and a 
built-in type of electric motor. 

Mr. Marx was named by the Board of Works of the City of Eliza- 
beth to a five-year term on the zoning body in May, 1931, and was re- 
appointed in May, 1936. He was elected president of the board in 
June, 1935, and reelected for a second term in June, 1936. 

Mr. Marx was also active in church work, as a member of the First 
German Presbyterian Church and its successor, the Elmora Presby- 
terian Church, of Elizabeth. He had been an elder since 1901, superin- 
tendent of the Sunday School since 1925, and prior to that, its secre- 
tary for more than twenty-five years. He was treasurer of the Union 
County Council of Religious Education for many years and had been 
a director of the Elizabeth Rescue Mission since 1925. 

In fraternal circles he was a Mason and a member of the Independ- 
ent Order of Foresters. 

Surviving Mr. Marx are his widow, Laura J. K. (Pfarrer) Marx, 
whom he married in 1898; a son, Gustave Henry Marx, of Cranford; 
and four daughters, Mrs. Russell Lammerding and Miss Ruth A. 
Marx, of Elizabeth, Mrs. Fred Seddon, of Irvington, and Mrs. Rudolf 
Heydt, of Roselle Park; also a sister, Mrs. Fred Lang, of Ohio, and 
several grandchildren. 


JOHN GILLETTE MATTHEWS (1862-1936) 


John Gillette Matthews was born at Cleveland, Ohio, on September 
25, 1862, son of Stephen Holley and Jane (Gillette) Matthews. He 
had the equivalent of two years’ work at Oberlin College, and early 
practical experience with the Elyria Screw & Tap Co., Elyria, Ohio 
(which later became the Western Automatic Machine Screw Com- 
pany) and with the Warner & Swasey Co., in Cleveland. He also 
worked as a journeyman machinist for the Pratt & Whitney Co., 
Hartford, Conn., where he attended evening classes in drafting, and 
for Bement, Miles & Co., Philadelphia, Pa., in 1888-1889. The pre- 
vious year had been spent in the employ of the Sheffield Car Com- 
pany, Three Rivers, Mich., and he returned there at the beginning of 
1890. 

Mr. Matthews remained with the Sheffield Car Company for thir- 
teen years. During the first part of the time when he was in charge 
of the Tool Department, he thoroughly overhauled and rebuilt a large 
part of the machine tools and developed an excellent toolroom. In 
1895 he was made chief draftsman and for several years following was 
in charge of the drafting room. In 1898 he reorganized the Tool 
Department, equipping it for the manufacture of gasoline motor cars 
and steel velocipede cars, and during the remainder of his connection 
with the company he devoted his time largely to the development of 
these cars and to special engineering work for the company. 

In 1903 Mr. Matthews took charge of screw machine-tool work for 
the Lodge & Shipley Machine Tool Co., Cincinnati, but after about 
six months, his health not being good in that city, he took a position 
as manager of the Three Rivers Tool Company, Three Rivers, Mich. 
Here he was engaged in the manufacture of tools of high-speed steel 
and invented what later became widely known as the ‘‘Peerless” 
reamers. In 1907 he returned to Cleveland to establish the Peerless 
Reamer Department of the Cleveland Twist Drill Company. This 
accomplished, he took a position as instructor and head of the de- 
partment of mechanical drawing at the East Technical High School, 
Cleveland, where he taught until 1920. 

Mr. Matthews was also the inventor of the ‘‘Matchless’’ reamer, 
manufactured by the Berea Machine & Tool Works, Inc., at Berea, 
Ohio, which he established in 1920 and of which he was president, 
treasurer, and general manager until his death. In addition to the 
two lines of reamers, he designed a small surface grinder and a ma- 
chine for cleaning and dressing meat blocks. 

Mr. Matthews was a member for a number of years of the Board of 
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Public Affairs of Berea and also served from its founding until his 
death as a director of the Berea Savings & Loan Co. He became a 
junior member of the A.S.M.E. in 1897 and a member ten years later. 

Mr. Matthews was twice married. His first wife, whom he married 
in 1890, was Hortense M. Lyon, of Three Rivers. Following her 
death he married Edna M. Havens, of Hastings, Mich., in 1897. Her 
death occurred on April 6, 1936, only six weeks after his, on February 
25, 1936. They are survived by two children, Beatrice L. (Matthews) 
Ellinger, of Beach, N.D., and Stephen J. Matthews, of Cleveland. 


JAY ROBERT McCOLL (1867-1936) 


Jay Robert McColl, senior member of the firm of McColl, Snyder 
& McLean, Detroit, Mich., a member of the A.S.M.E. since 1903, died 
at his home in that city on October 30, 1936, after an ‘Illness of six 
weeks. He was a native of Michigan, having been born at Webster 
on March 24, 1867, son of Robert and Sophia McColl. He attended 
high school in Ann Arbor and was graduated from the Michigan State 
College of Agriculture and Applied Science with a B.S. degree in en- 
gineering in 1890. 3 

For twelve years following his graduation, Mr. McColl was on the 
faculty of the University of Tennessee. Starting as instructor in 
charge of shops, he was successively promoted until he became head 
of the mechanical engineering department. In 1898, he designed and 
supervised the construction of Estabrook Hall, the main building of 
the College of Engineering and, with the enlarged facilities, estab- 
lished the first laboratory courses for teaching mechanical engineer- 
ing. During his years at Knoxville, Mr. McColl took postgraduate 
work at Cornell University, and also engaged in consulting and in- 
stallation work. 

In 1902, Mr. McColl left the University of Tennessee to become as- 
sociate professor of steam engineering at Purdue University. He was 
made head of the department the following year and continued in 
that position for two years. 

From 1905 to 1910, Mr. McColl was chief engineer of the American 
Blower Company, Detroit. He then became a member of the con- 
sulting firm of Ammerman, McColl & Anderson (later Ammerman & 
McColl, and then, from 1921 until his death, McColl, Snyder & Me- 
Lean). In 1911, he also took the post of dean of the newly created 
College of Engineering of the University of Detroit, in which capacity 
he served until he was made honorary dean in 1926. 

In 1922, Mr. McColl was elected a member of the Michigan State 
Board of Agriculture, on which he served for twelve years. He was 
on the editorial staff of the Michigan Architect and Engineer and was a 
past-president of the Michigan State College Alumni Association. 
He was the author of numerous papers for engineering societies and 
journals. He had been a member of the Board of Rules of the De- 
partment of Buildings and Safety Engineering, City of Detroit, since 
1918, and belonged to the Detroit Board of Commerce. 

Mr. McColl was president in 1922 of the American Society of Heat- 
ing and Ventilating Engineers, having previously held the offices of 
second vice-president in 1920 and first vice-president in 1921. He 
was a member of the society’s Advisory Council at the time of his 
death. He was greatly interested in research, served as chairman of 
the society’s committee on research in 1921, and was closely associated 
with the establishment of the society’s research laboratory. He also 
maintained an active interest in the affairs of the local Michigan 
Chapter of the society, which he served as vice-president in 1917. He 
was president of the Detroit Engineering Society in 1922 and belonged 
to the Phi Delta Theta and Phi Kappa Phi fraternities and to the 
following clubs in Detroit and vicinity: Economic, Ingleside, Yacht, 
Athletic, Glen Oaks Country, and Meadowbrook Country. 

Mr. McColl married Belle G. Baldwin, of St. Johns, Mich., in 1900 
and is survived by her and by their daughter, Mrs. Jennette Baldwin 
(McColl) Lawrence, as well as by two sisters and two brothers. 


ROBERT R. McKECHNIE (1865-1936) 


Robert R. McKechnie, mechanical engineer of Cleveland, Ohio, a 
member of the A.S.M.E. since 1897, died on April 19, 1936. He was 
for many years identified with the Variety Iron & Steel Works Co. 
and Thew Automatic Shovel Company, of Cleveland, and designed 
and produced for the latter the first full-swing tractor steam shovel in 
this country. During the World War he served on the engineering 
staff of the United States Ordnance Department, Cleveland Division. 

Mr. McKechnie was born at Dundas, Ontario, Canada, on Novem- 
ber 26, 1865. He was a son of Robert McKechnie, a pioneer in the 
Canadian machine-tool industry, first president of the Canadian 
Manufacturers Association and founder of McKechnie & Bertram 
(now John Bertram & Sons Co., Ltd.), Dundas. He served an ap- 
prenticeship as a patternmaker under his father from 1880 to 1883 
and continued with the company as assistant designer until 1886. 
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During the next five years he was draftsman and designer for Wm. 
Sellers & Co., Philadelphia, Pa. While in that city he took an ex- 
tension course in mechanical engineering from the University of 
Pennsylvania. 

In 1893 Mr. McKechnie went to Cleveland to take the position of 
mechanical engineer for the Thew Automatic Shovel Company and 
he was connected with that organization and with the Variety Iron 
& Steel Works Co. until 1917. After the Wa> he became general 
superintendent and chief engineer for the Loew Manufacturing Com- 
pany, Cleveland, where he continued until 1930, when he went to 
Pittsburgh, Pa., as mechanical engineer for the McKenna Brass & 
Manufacturing Co. Subsequently he engaged in mechanical engi- 
neering work under his own name in Madison and Cleveland, Ohio. 

Mr. McKechnie is survived by his widow, Elizabeth (Klasen) Mc- 
Kechnie, whom he married in 1911, and by two sons, David and 
Robert McKechnie, as well as by two brothers and three sisters. 


AYRES P. MERRILL, JR. (1893-1936) 


Ayres P. Merrill, Jr., manager of the Brierhurst Hotel, Philadelphia, 
Pa., died in that city on October 4, 1936. His early life was spent in 
Natchez, Miss., where he was born on March 16, 1893, son of Ayres 
P. and Lena (Stewart) Merrill. He attended the Natchez Institute 
for six years before going to Schenectady, N.Y., where he studied 
technical subjects at the Schenectady Evening School, also tutoring 
under Marcus Uggla of the General Electric Company. He took a 
position with this company in Pittsfield, Mass., in 1916, as tracer, 
working up to layout man on transformers. From there he went to 
Sparrows Point, Md., to work for the Bethlehem Steel Corporation, 
principally as draftsman on pipe and steel work. 

Early in 1918 Mr. Merriil became draftsman and designer on spe- 
cial intricate electrical work for the Western Electric Company, New 
York. Subsequently he was connected with the Standard Aircraft 
Corporation, Elizabeth, N.J., until it closed down early in 1919. 
During the remainder of that year he was employed successively by 
the Corona Typewriter Company, Groton, N.Y., Eastman Kodak 
Company, Rochester, and Wasson Piston Ring Company, Plain- 
field, N.J., working on machinery design for the first two companies 
and as assistant to the consulting engineer, in charge of shop main- 
tenance and the design of special and automatic machinery, for the 
Wasson firm. 

During 1921-1922 Mr. Merrill was engaged in developing and 
patenting a planter for farm use. He secured work with Thos. E. 
Murray, Inc., New York, in June, 1922, laying out and checking 
power-plant design. In 1924-1925 he designed power plants for the 
Public Service Production Company, Newark, N.J., and subsequently 
was connected with the Pierce Oil Company, New York, and again 
with the Western Electric Company for short periods. In January, 
1929, he was engaged by the Braden Copper Company, of New York, 
as draftsman for some work in Rancagua, Chile, S.A., from which he 
was released because of curtailments in the staff two years later. He 
had been with the Brierhurst Hotel for several years and at the time 
of his death was also Philadelphia representative of the Real Es- 
tate Department of the New York Life Insurance Company. 

Mr. Merrill became an associate-member of the A.S.M.E. in 1923 
and was automatically transferred to the grade of member in 1935. 
He belonged to the Penn Athletic Club in Philadelphia. 

Surviving Mr. Merrill are his widow, Ina B. Merrill, and one daugh- 
ter, Marjorie, of Schenectady, four sisters, Margaret and Mary 
Merrill, Mrs. John B. Dicks, and Mrs. Harry Olsen, and one brother, 
Linton Merrill, of Natchez, Miss. 


LEE BYRON METTLER (1874-1936) 


Lee Byron Mettler, manufacturer of the Mettler gas burners for 
large industrial power plants, died on November 13, 1936, at the 
Glendale (Calif.) Sanitarium and Hospital of a severe heart attack, 
after having been ill for some time. His organization, the Lee B. 
Mettler Co., of Los Angeles, Calif., was established in 1922. 

Mr. Mettler was born at Adrian, Mich., on December 7, 1874, son 
of Levi M. and Mary Elizabeth (Moore) Mettler. He attended 
school at Carrollton, Mo., and then acquired general experience in his 
father’s foundry and machine shop there. At the age of twenty two 
he took the position of superintendent of the Imperial Filter Com- 
pany, at St. Louis, Mo., where he remained for about eight years. 
Early in this period he enrolled with the International Correspondence 
Schools for a course in mechanical engineering. 

From 1904 to 1906 Mr. Mettler was district sales manager in the 
branch office at Kansas City, Mo., of the Ruud Manufacturing Com- 
pany, of Pittsburgh, Pa., manufacturers of gas water heaters. Dur- 
ing the next eight years he held a similar position with the Pittsburgh 
Water Heater Company, covering the branches at Kansas City and 
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Chicago. Subsequently, for four years, he was designing and con- 
struction engineer and superintendent of the American Water Heater 
Company, St. Louis, Mo. As sales engineer, from 1918 to 1922, for 
the Duquesne Burner Service Company, of Pittsburgh, he visited 
nearly all the large power plants west of the Mississippi. 

Mr. Mettler’s entrained combustion gas burner was patented early 
in 1923. It permits burning either gas or oil in the same combustion 
chamber, without change in construction. Mr. Mettler held several 
other patents for gas- and oil-burning apparatus, radiator overflows, 
and ventilating systems. 

Mr. Mettler became an associate of the A.S.M.E. in 1923. He had 
belonged to a number of state and national gas associations. He was 
particularly interested in Rotary Club activities. He organized and 
was the first president of the Kansas City Rotary and was instrumen- 
tal in organizing several other clubs in the Middle West. He was the 
first director of Rotary International. He belonged to the Los An- 
geles Rotary Club at the time of his death. He was also a member 
of Sons of the American Revolution. 

Interested also in the collection of paintings and fond of motoring 
and travel, he had visited maay parts of the world. He married 
Tempa B. Wren, of Mountain Grove, Mo., in 1906, and is survived 
by her. 


JESSE F. MILLER (1870-1936) 


Jesse F. Miller, mechanical engineer for the New York State Divi- 
sion of Public Buildings, Department of Public Works, Albany, N.Y., 
died at his home in that city on January 28, 1936, after a brief illness. 
He was born at Columbia, N.Y., on May 30, 1870, and was graduated 
from the local high school in 1889. 

His first position was with the Thomson-Houston Electric Com- 
pany as a foreman of central-station construction and he remained 
with its successor, the General Electric Company, in a similar capac- 
ity until July, 1892. His duties included erection of engines, genera- 
tors, switchboards, and plant equipment in general, making layouts of 
building wiring systems, and constructing overhead distribution lines 
in various towns of the State of New York. From 1892 to 1895, Mr. 
Miller was chief steam and electrical engineer with the Richfield 
Springs Electric Light & Power Co., Richfield Springs, N.Y., where he 
exercised general supervision over the light and power plant and laid 
out distribution lines and wiring systems for buildings. 

Mr. Miller began work for the State of New York in December, 
1895, as chief engineer at Craig Colony, a state institution for epilep- 
tics, located at Sonyea, N.Y., where he remained until 1904. Tic 
following record of his work there has been obtained: 

“During Mr. Miller's residence at the Colony, he had general 
supervision of the central power plant and various outlying heating 
plants. At that time the Colony did not have a central heating plant. 
The plans for plumbing and heating of various buildings erected at 
the Colony were prepared in the State Architect's office. After com- 
pletion of the erection of the new heating plants, these were placed 
under Mr. Miller’s supervision. Mr. Miller was considered an un- 
usually competent engineer, who at all times cooperated very satis- 
factorily in the general affairs of the Colony.” 

In October, 1904, he was transferred to Albany and attached to the 
State Hospital Commission as supervising engineer. His duties in- 
cluded making reports to the Commission on various engineering 
questions relating to power plants in the hospitals under its super- 
vision, and the preparation of plans and specifications for the installa- 
tion of boilers, engines, generators, lighting and heating systems, 
sewage-disposal plants, and refrigerating equipment in these hospitals. 
Mr. Miller was appointed chief engineer of the Department of Public 
Buildings in 1906 and had exercised general supervision over the 
power plant supplying light, heat, and power to the Capitol, State 
Education Building, Executive Mansion, and various other State 
buildings for almost thirty years at the time of his death. When the 
Division of Public Buildings was established in 1924 he was appointed 
its mechanical engineer. 

Mr. Miller became a member of the A.S.M.E. in 1918. He was 
also a member of the Society of Engineers of Eastern New York and 
of the Masonic fraternity. He served on the United States Fuel 
Administration in 1918-1919 and was a member of the Albany Cham- 
ber of Commerce Aviation Committee for the year 1924. 

Mr. Miller is survived by his widow, Mary C. Miller, of Albany, 
a son, J. Floyd Miller, of Pawling, N.Y., a daughter, Mrs. John Burt, 
of Milton, Mass., and a brother, Leland J. Miller, of Millers Mills, 
N.Y. 


WILLIAM ANGUS MITCHELL (1883-1937) 


William Angus Mitchell, who died on January 2, 1937, was born at 
Medford, Boston, Mass., on January 9, 1883, son of William Henry 
and Jessie (MacLeod) Mitchell. He prepared for college at the 
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South Denver High School and the Denver University Preparatory 
School and was graduated from the University of Colorado in 1905 
with the degree of BS. in electrical engineering. 

After a year’s employment as electrician with the Rocky Moun- 
tain Paper Company, Denver, he accepted the position of night 
electrician at the Loveland, Colo., plant of the Great Western Sugar 
Company. In 1907, he was promoted to chief electrician of this 
plant and the following year he was transferred to Fort Collins, Colo., 
as electrical engineer, his duties comprising the design of all electrical 
equipment and the supervision of its installation. He was trans- 
ferred to the main office of the company in Denver in 1910, when, in 
addition to being electrical engineer, he was made traveling engineer 
with responsibility for the design of new factory equipment to better 
the product, and also for improvements in the operation of the plants 
to increase fuel economy. In 1917 he was appointed assistant chief 
engineer of the Nebraska district, with headquarters at Scottsbuff, 
Neb., and, in this capacity, supervised the design, installation, and 
operation of engines, generators, boilers, stokers, and various sugar- 
making machines until 1927. 

Mr. Mitchell spent the next year in England as an electrical engi- 
neer for the Dyer Construction Company. Upon his return to the 
United States, he accepted the position of electrical engineer and 
manager of the machinery department with The Mine & Smelter 
Supply Co., Denver, and remained there until he died. 

He married Fern Elizabeth Stevens, of Loveland, in 1909, and is 
survived by her. He became a member of the A.S.M.E. in 1918 
and belonged to The Society of American Military Engineers. He 
was interested in sports, belonged to the Denver Athletic and Lake- 
wood Country clubs, and was a Mason and a Shriner. 


WARREN B. MONTGOMERY (1891-1936) 


Warren B. Montgomery was born at Rochester, N.Y., on February 
23, 1891, son of William J. and Mary Warren (Lincoln) Montgomery. 
After leaving the East High School in Rochester in 1909 he spent two 
years with the Sill Stove Works in that city, getting practical experi- 
ence in foundry work. He then took a three-year course in coopera- 
tive mechanical engineering at the Mechanics Institute, during which 
he used his free time for experimental work and the design of warm- 
air heating apparatus, pipeless furnaces, etc. He returned to the em- 
ploy of the Sill Stove Works in 1915 and for a year was engaged in the 
design and installation of heating apparatus. He was made office 
manager in 1916 and continued with the company in that capacity 
for two years. 

Beginning in 1918 Mr. Montgomery was connected for several 
years with C. E. Knoeppel & Co., New York, N.Y., as supervisor in 
industrial engineering, and cost and production work. Following this 
he was controller for the American Linseed Company (later merged 
through the Gold Dust Corporation into the Hecker Products Cor- 
poration) until 1929, when he became associated with Stevenson, 
Harrison & Jordan, New York, in special work on organization and 
incentives for the Fisk Tire & Rubber Co. Upon the completion of 
this assignment he spent several months as certified public account- 
ant, auditing for Lybrand Ross Bros. & Montgomery, New York. 
In March, 1930, he took the position of assistant controller of the 
Colorado Fuel & Iron Co., Denver, subsequently became assistant 
to the president and controller of the company, in which capacities 
he was serving at the time of his death on August 12, 1936. 

Mr. Montgomery became a junior member of the A.S.M.E. in 
1919. He was promoted to the grade of associate-member in 1930, 
and in 1935 was automatically transferred to full membership. He 
was active in the National Association of Cost Accountants, serving 
as president of its Denver Chapter in 1932, 1933, and 1934 and con- 
tributing to its publications. He saw service with the National Guard, 
Headquarters Company, on the Mexican Border in 1916, and was 
a member of the Masonic fraternity and of the Cherry Hills Club, 
Denver, and engaged in amateur photography. Surviving him are his 
widow, Gertrude V. Montgomery, whom he married in 1916, and a 
daughter, Suzanne Montgomery. 


DANIEL EDWARD MORAN (1864-1937) 


Daniel Edward Moran passed quietly to rest at his home in Mend- 
ham, N.J., on July 3, 1937. For several years he had suffered a heart 
ailment and had been losing in physical strength, although his mental 
faculties remained vigorous to the end. 

He was born on April 12, 1864, at Orange, N.J., the son of Daniel 
Edward and Annie Augusta (Blake) Moran. From 1866 to 1884, he 
lived in Brooklyn, N.Y., and attended the local schools, the last being 
Brooklyn Polytechnic Institute, from 1874 to 1880. He entered the 
School of Mines at Columbia University, in New York, N.Y., in the 
fall of 1880, taking the civil engineering course, and was graduated in 
June, 1884, with the degree of civil engineer. 
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During his years at Columbia, Mr. Moran interested himself in 
various college activities, becoming a member of his class football 
team, School of Mines editor of the Columbia Spectator, an editor of 
the ’84 School of Mines Yearbook, and a contributor to the School of 
Mines Quarterly. He was a member of the Delta Psi fraternity. 

After his graduation, in 1884, Mr. Moran designed and superin- 
tended the construction of a country residence for his mother. His 
personal notes state that in the spring of 1885, he entered the employ 
of the Delamater Iron Works, West 14th Street, New York, ‘‘as ap- 
prentice at 50c per day, working 59 hours a week.’’ He continued in 
this work until the spring of 1887, when he was employed as instru- 
mentman on a survey for the extension of the Nevada & California 
R.R., north of Reno, Nev., owned by his uncle, Charles Moran. He 
quit this job in the fall of 1887 and returned to New York via San 
Francisco, Calif., and Portland, Ore. Concerning this return trip, 
he writes that he went from San Francisco to Portland by ‘‘the new 
R.R. being built * * * there being a 20-mile gap which was covered by 
a four-horse stage coach of the wild west type. The Canadian Pacific 
Transcontinental line had been put through in 1886 but was still a 
rather ‘sporty’ trip.” 

On his return, Mr. Moran had great difficulty in getting a position 
in New York, but finally ‘‘found work at map making for Samuel 
McElroy for a few weeks in Brooklyn * * * and was fired because, as 
he said, I was getting more out of the maps than he was paid.”” For 
a short period, in 1887 and 1888, he was employed as draftsman by 
William Barclay Parsons, who then was ‘‘engaged in drawing plans 
for a proposed rapid-transit subway using the subgrade portions of 
private property, and streets only so far as necessary to cross from 
block to block.” 

Mr. Moran's long career as a foundation engineer began with his 
employment, early in 1889, by Charles Sooysmith, a New York con- 
tractor who specialized in substructure work by the pneumatic, freez- 
ing, and other methods. Mr. Sooysmith first sent him to Iron Moun- 
tain, Mich., as assistant superintendent and technical observer on the 
construction of a mining shaft, for the Chapin Mining Company, to 
be constructed through a deep quicksand formation by the Poetsch- 
Sooysmith freezing method. This work was afterward described by 
Mr. Moran in the Columbia School of Mines Quarterly, no. 3, vol. XI. 

In the summer of 1889, the work at Iron Mountain completed, Mr. 
Moran was transferred to the position of assistant superintendent on 
the construction of the Deer Island Lighthouse at the entrance to the 
harbor at Boston, Mass. This structure was on an exposed reef ex- 
tending south from the east end of Deer Island, its base being a cir- 
cular shell of cast-iron plates founded on the reef, and backed up with 
concrete and brick masonry. Shortly after his arrival, he was placed 
in full charge of the work, which was completed before the end of the 
year despite bad weather conditions and the ‘‘dyspeptic army officer” 
in charge. 

Late in 1889, Mr. Sooysmith had several pneumatic bridge founda- 
tion jobs in progress in the field, while designs for others were being 
developed in his office, and Mr. Moran was delegated to study de- 
signs and methods for this work, the study perhaps having been 
prompted by a serious accident which occurred about that time on a 
pneumatic job being constructed by Mr. Sooysmith at Needles, Calif. 
He visited a pneumatic job being constructed by Mr. Sooysmith at 
Wyoming, Pa., and interestingly records: 

“I found Christy (supt.) laboriously breaking up rock, putting the 
pieces into sacks, hoisting the sacks two at a time into a common man 
lock, piling the lock as full as he could and operate, then locking out 
and rehandling the sacks to the dump. He used in hoisting the sacks 
a length of wire rope, which passed through a stuffing box in the head 
of the lock. I looked up all the data we had on the subject and 
started to design a safe and economical lock. Sooysmith told me not 
M« waste time (his and mine) so I continued my studies out of office 

ours.” 

These studies led to the development of the first Moran air lock, 
which Mr. Moran patented, and had constructed in 1892 by the Con- 
tinental Iron Works, of Brooklyn. 

Alfred Pancoast Boller, who was a specialist on drawbridges and a 
friend of Mr. Sooysmith, borrowed Mr. Moran in 1890 to design cais- 
sons for the McCombs Dam Bridge crossing the Harlem River at 
155th Street, New York. The main caisson was of steel construction, 
19 ft wide by 100 ft long, and provided with two excavating shafts 
with locks located in the working chamber at the bottoms of the 
shafts, the soil to be removed through special buckets which formed 
a part of the lock arrangement. Later, Mr. Sooysmith was the suc- 
cessful bidder for the foundation work and, in 1892, placed Mr. 
Moran on the work as night superintendent. Both the lock buckets 
failed before the big caisson was sunk to its final depth, one becoming 
stuck at the bottom of the shaft, and the Moran lock, completed just 
in time, was secured to the top of the shaft and the bucket removed 
through it so that work could proceed. 
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This was the first use of the Moran air lock, and but one lock of this 
original design was built. It was of the top-and-bottom-door type, 
the top opening being fitted with two hinged doors meeting at the 
center, where the hoist rope passed through, with a stuffing box to re- 
duce air leakage. This lock marked a distinct advance in the speed 
and economy of pneumatic caisson work, as the arrangement of top 
and bottom doors made it possible to lower empty buckets through 
the lock and down the shaft directly to the floor of the working 
chambers, and to hoist the loaded buckets without rehandling or 
delay. Subsequent refinements made by Mr. Moran in the details 
of the air lock, including the change to a single top door, resulted in 
the present widely used Moran lock. 

Prior to the completion of the foundation for the McCombs Dam 
Bridge, late in 1892, Mr. Moran was sent to Sioux City, Iowa, where 
Mr. Sooysmith was to build the pneumatic piers for the foundations 
of the Pacific Short Line Bridge across the Missouri River. The 
engineer’s plans had left the design of the caissons entirely to the con- 
tractor, the work was all ready to proceed, and Mr. Moran's job was 
to design the caissons in the shortest time possible so that the work 
would not be delayed. He remained in Sioux City until the summer 
oi 1893, when he was sent back to New York by Mr. Sooysmith and 
put in charge of the foundation work for the American Surety Com- 
pany Building, at the corner of Broadway and Pine Street. This was 
the second building in New York, or in the world, to be supported by 
pneumatic caissons. Of this work, Mr. Moran writes: 


‘‘Many architects and some engineers still questioned the reliability 
of concrete, so the piers above the steel caissons (working chambers) 
were built of brick from Hudson River points. At first the brick- 
layers insisted on building level and plumb, not realizing that a cais- 
son base is level only by accident. In sinking, the caisson might 
drop from 2 to 4 ft suddenly; then all the bricklayers would jump off 
the caisson.” 

The underpinning of buildings adjacent to caisson foundation jobs 
was then, as now, frequently necessary and, at that time, such under- 
pinning was practically a monopoly in the hands of one New York 
contractor. Mr. Moran tried to convince Mr. Sooysmith that he 
should include underpinning with his other substructure work but 
the latter replied ‘‘these absurdly high buildings requiring caisson 
foundations are overdone. They are operated at financial loss to the 
owners and no more will ever be built.’”” Mr. Moran thereupon de- 
cided that he would become familiar with underpinning work and 
prepare for the construction of future high buildings. 

Continuing with Mr. Sooysmith until 1897, Mr. Moran then be- 
care special partner and foundation engineer with John Monks and 
Son, of New York, remaining with that firm until about 1900. Dur- 
ing this period, he designed and superintended the construction of 
pneumatic caissons for the water-works plant at Cincinnati, Ohio. 
In 1900 and 1901 he superintended the construction of a power canal 
and the foundations for a pulp mill and power house at Great Bend, 
N.Y. 

In 1901, with Franklin Remington and Edwin S. Jarrett, Mr. Moran 
organized the Foundation Company, becoming its chief engineer 
and a vice-president und director. He continued with the Founda- 
tion Company until 1910, during which time it became the foremost 
builder of deep and difficult foundations in the United States and 
Canada. Mr. Moran was responsible for the engineering of many of 
its important foundation works. 

From 1910 until his death, Mr. Moran was in private practice in 
New York as a consulting engineer, under the name of Daniel E. 
Moran from 1910 to 1919; Moran, Maurice and Proctor from 1920 
to 1928; Moran and Proctor from 1929 to 1935; and Moran, Proctor 
and Freeman from January, 1936, until his death. 

His engineering works include the foundations for a great many 
buildings in New York and elsewhere, such as the Woolworth and 
Municipal Buildings, Federal Reserve Bank, Equitable, Morgan, 
New York Stock Exchange, Barclay-Vesey Telephone, Bank of 
America, Chase National Bank, Bank of Manhattan, City Bank 
Farmer’s Trust Company, Irving Trust Company, and many other 
buildings in New York; the Federal Building, in Cincinnati, Ohio, 
Federal Building, in Pittsburgh, Pa., and Royal Bank of Canada and 
Aldred Building, in Montreal, Que., Canada. 

Mr. Moran was engaged on many important bridge projects, among 
which were the Philadelphia-Camden, at Philadelphia, Pa., Mid- 
Hudson, at Poughkeepsie, N.Y., Ambassador, at Detroit, Mich., Huey 
P. Long, over the Mississippi River, at New Orleans, La., and the 
Suisun Bay, in California. He was for years foundation consultant to 
the Port of New York Authority, advising on foundations for the 
George Washington, Triborough, Kill van Kull, and other bridges, 
and the Lincoln Tunnel. Finally, came his greatest achievement, the 
foundations for the San Francisco-Oakland Bay Bridge, made feasible 
by the ‘‘domed”’ type of caisson which he devised and patented for 
use on this work. 


TRANSACTIONS OF THE A.S.M.F. 


OCTOBER, 1938 


He was a pioneer in the study of the properties of soils, his experi- 
ments on sands and clays, with homemade testing apparatus, predat- 
ing those of present-day soil technicians. He was among the first to 
understand the nature of volume change in clay and silt soils under 
loads and to apply this knowledge to actual foundation problems. 

Although he was a leader in the development of pneumatic founda- 
tion methods, Mr. Moran, in his later years, because of their increas- 
ing cost, steadily opposed their use in any work until he was con- 
vinced that no cheaper or more expeditious type of construction was 
possible. Here again, we find him pioneering in the elimination of 
the very methods of construction he had spent so many years to de- 
velop. Outstanding examples of this advance in his practice were the 
deep foundations for the City Bank Farmer's Trust Company and 
the First National Bank buildings, built by open methods in down- 
town New York, on sites where twenty years ago pneumatic caisson 
foundations would have been considered necessary. 

Mr. Moran received the honorary degrees of Master of Science 
(1911) and Doctor of Science (1929) from Columbia University. In 
1934, the Columbia Engineering Schools Alumni Association, calling 
him the ‘‘Dean of American foundation engineers’? made him an 
honorary member. A year later, Dr. Nicholas Murray Butler, 
president of Columbia University, bestowed on him the Gold Medal 
of the Class of 1889 ‘for eminent. achievement.” 

In December, 1896, Mr. Moran was married to Sarah V. Kelly, of 
Glasgow, Scotland. He is survived by his widow, his sons, Daniel 
E., Jr., Archibald A., and Hugh B., and by his daughters, Sarah S. 
(Mrs. George Fraser), and Dorothy A. (Mrs. Carl Bricken). 

At the time of his death, he was a member of The American Society 
of Mechanical Engineers (Junior Member, 1886, Member, 1904), the 
American Society of Civil Engineers, the American Institute of Con- 
sulting Engineers, The Franklin Institute, The Newcomen Society, 
and the Engineers’ Club, Downtown Association, University Club, 
Columbia University Club, and The New York Zoological Society, 
of New York.—[Adapted from memoir prepared by GreorGe L. 
FREEMAN, New York, for the Transactions of the American Society 
of Civil Engineers. ] 


WILBERT MORLAN (1875 1934) 


Wilbert Morlan was born at Rogers, Ohio, on January 30, 1875. 
He was graduated from The Ohio State University as a mechanical en- 
gineer in 1903 and secured early experience in the drafting room of the 
Westinghouse Electric & Manufacturing Co. at East Pittsburgh, Pa., 
and as a special apprentice with the Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. From March, 1906, to February, 1908, 
he was erecting engineer with the William Tod Company, Youngs- 
town, Ohio, and he again served this company in that capacity and 
also as testing and sales engineer from March, 1911, to January, 1913. 
In the interim he was engineer in charge of the Valley Stream pump- 
ing station for the Queens County Water Company, of Far Rockaway, 
N.Y., and he returned to that company in July, 1913, after a few 
months in erection work for the Allis-Chalmers Manufacturing Com- 
pany. 

Mr. Morlan continued with the Queens County Water Company 
until about 1923, when he became a member of the Morlan-Nash 
Company of Salem, Ohio. In 1926 he returned East to work for the 
Long Island Water Corporation, with which the Queens County 
Water Company had been merged the preceding year. Mr. Morlan 
was engineer in charge of the Roosevelt, Baldwin, and Valley Stream 
plants from then until his death on September 25, 1934. 

Mr. Morlan had been a member ofthe A.S.M.E. since 1914. 
survived by a brother, Henry W. Morlan, of Rogers, Ohio. 


He is 


FRANK LINCOLN MORSE (1864-1935) 


Frank Lincoln Morse, president of the Morse Chain Company, of 
Ithaca, N.Y., died at Orlando, Fla., on March 25, 1935. 

Mr. Morse was born in Ithaca on September 14, 1864, the son of 
Ben and Sarah Morse, and received his education in the elementary 
and high schools of that city. In 1880 he joined his father, who was 
operating a hay-pressing and tow-mill business in Algona, Iowa, and 
in 1887-1890 he was engaged in manufacturing tow at Orange, Iowa. 
In the meantime his brother, Everett Fleet Morse, had invented the 
well known ‘“‘silent chain’’ with the frictionless rocker joint and had 
begun the manufacture of bicycle chains at Trumansburg, N.Y., 
under the name of the Morse Manufacturing Company. Frank 
Morse joined this enterprise in 180. In 1898 the company was in- 
corporated as the Morse Chain Company and shortly thereafter was 
moved to Ithaca, where a large modern plant was erected for the 
rapidly growing business. The demand for the chain grew partly 
because of its extended use in automobiles and partly because of its 
considerable use in general industry. The enterprise prospered and 
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Mr. Morse finally became president and treasurer, which position he 
held at his death. 

The story of the development of the Morse silent chain is the 
typical story of American inventions. Everett Fleet Morse first 
conceived the idea in connection with a compensating wagon spring. 
He was encouraged financially by his friend, E. T. Turner, of Ithaca, 
and the application of the idea to the complicated chain drive at 
Trumansburg is the old story of much experimentation and many 
disappointments before success was attained. The capital necessary 
for incorporation and the erection of the Ithaca plant was raised partly 
through the help of H. H. Westinghouse, who was a member of the 
board of directors until his death. Mr. Morse’s third brother, Virgil, 
was also for a time connected with the enterprise. 

Frank Morse also promoted a number of other industries, including 
the Morse Products, Inc. and the Barr-Morse Corporation. He was 
president of the First National Bank of Orlando, and a director of the 
First National Bank of Ithaca and of the Ithaca Trust Company. 
He was a member of the Advisory Committee of the New York State 
Insurance Fund and a director of the Ithaca Memorial Hospital. 
One of his most highly appreciated benefactions is a new building for 
the Ithaca Reconstruction Home for victims of infantile paralysis, in 
which his brother Virgil was greatly interested for many years. 

Mr. Morse was granted about fifty patents, relating mostly to chain 
drives. He became a member of the A.S.M.E. in 1912 and was also 
a member of the Society of Automotive Engineers, the American 
Economic Society, The Franklin Institute, Army Ordnance Associa- 
tion, and The Society of American Military Engineers, and of a num- 
ber of social clubs. He married Cora M. Perry, of Ithaca, in 1900, 
and is survived by her and by a daughter, Rowena Allen Nelson, and a 
son, Anthony Perry Morse, as well as by a sister and his brother Vir- 
gil, and two grandchildren. 

Mr. Morse came of a family of manufacturers and inventors, but 
unlike most inventors he possessed those other qualities that are es- 
sential in a successful manufacturer. He had vision and courage and 
he belongs in that class of progressive men who have built up Ameri- 
can industry. He was a good employer and his relations with his 
employees were on the whole very harmonious.— [Memorial prepared 
by Dexter S. Kimbatu, Ithaca, N.Y., Fellow and Past-President, 
A.S.M.E.] 


CHARLES WILLIAM MOWRY (1880-1936) 


Charles William Mowry, manager of the Inspection Department 
of the Associated Factory Mutual Fire Insurance Companies, Boston, 
Mass., died on December 19, 1936. He had been with that organiza- 
tion since his graduation from the Massachusetts Institute of Tech- 
nology in 1906, serving successively as assistant engineer, field in- 
spector, superintendent of the Plan Division, and director of labora- 
tories, before becoming assistant manager of the Inspection Depart- 
ment in May, 1927. He was made manager of the department in 
December, 1928. 

Mr. Mowry was born at Fall River, Mass., on October 12, 1880, 
son of William I. and Mary E. Mowry. He attended high school in 
Fall River and prior to entering coilege worked for several years for 
William T. Henry, mill engineer in that city, preparing building and 
machinery plans for textile plants. 

Mr. Mowry became a member of the A.S.M.E. in 1926. He also 
belonged to the American Society for Testing Materials, American 
Water Works Association, New England Water Works Association, 
and National Fire Protection Association. He served as editor of 
the Factory Mutual Record for about eighteen months and presented 
many papers before meetings of the several societies to which he 
belonged. 

For some years prior to his death, Mr. Mowry had been active in 
standardization work. Since 1924 he had been a representative of 
the National Fire Protection Association on the Sectional Committee 
on the Standardization of Pipe Flanges and Fittings and had served 
on its subcommittees on cast iron flanges and flanged fittings and on 
screwed fittings. Since 1929 he had represented the New England 
Water Works Association on the Sectional Committee on the Stand- 
ardization of Wrought Iron and Wrought Steel Pipe and Tubing and 
had served on the Subcommittee on Pipe and Tubing for Low Tem- 
perature Service. 

Surviving Mr. Mowry are his widow, Helen E. (Watts) Mowry, 
whom he married in 1908, and their daughter, Eleanor Ruth Mowry 
(Mrs. Edward P. Hollis). 


DAVID JACK NEVILL (1861-1936) 


David Jack Nevill, chief engineer of the Stearns-Roger Manu- 
facturing Company, Denver, Colo., for approximately thirty years, 
died on February 8, 1936. He was born at St. John’s, N.F., on 
October 31, 1861, son of John and Elizabeth (Jack) Nevill. After 
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preparing for college at the Wesleyan Academy in St. John’s, he at- 
tended Andersons College, Glasgow, Scotland. 

From 1880 to 1885, Mr. Nevill served an apprenticeship with 
Lees, Anderson & Co., a firm of millwrights, engineers, and boiler- 
makers at Glasgow. Upon the completion of his apprenticeship, he 
erected machinery for the Newfoundland Lighthouse Service. Mr. 
Nevill came to the United States shortly after this and secured em- 
ployment as a mechanical draftsman with The Burden Iron Com- 
pany, Troy, N.Y., in the spring of 1886. He left his work with the 
Burden company in 1888 and, early the following year, accepted a 
position as mechanical draftsman with the Stearns-Roger Manu- 
facturing Company, Pueblo, Colo., was promoted to superintendent 
of its foundry and machine shops in 1894, and held that position for 
three years. Soon after being employed by Stearns-Roger, Mr. 
Nevill supervised the construction of a power house for the Pueblo 
Street Railway Company and after leaving its employ, supplemented 
this experience in 1897 and 1898 by erecting a boiler and air compres- 
sor plant at Magnolia, Colo.; constructing ore-roasting furnaces and 
ore conveyers at Colorado City; and installing machinery for the 
Colorado Ore Sampling Company. In this period, he also did some 
mineral surveying for George Lloyd, Cripple Creek, Colo. 

From 1899 to 1901, Mr. Nevill was a draftsman and mechanical 
engineer for the Anaconda Copper Mining Company, Anaconda, 
Mont., and was engaged in designing extensions to its concentrating 
and smelting plant. The following two years were spent at Salt 
Lake City, Utah, designing a smelter for the U.S. Mining Company 
and supervising its construction. In 1904, he went East to assume 
charge of the designing and erection of a refinery for the Raritan Cop- 
per Company, Perth Amboy, N.J. This work occupied his time for 
two years, when he became chief engineer of the Stearns-Roger 
Manufacturing Company, at Denver. In this capacity, Mr. Nevill 
was engaged in the design of mining and ore milling machinery until 
his death. 

In connection with his work, Mr. Nevill invented crushing rolls, 
a classifier, a conveyer, and a crusher for ore; ball-mill liners; and 
several other devices. 

Mr. Nevill was elected a member of the A.S.M.E. in 1900. 

In 1906, he married Miss Mary Louise Davies of Pictou, N.S., who 
survives him. Mr. Nevill also left two daughters, Mary Elizabeth 
and Ada Isabel. 


THOMAS PATTERSON (1878-1936) 


Thomas Patterson, general superintendent of the Gary, Ind., Works 
of the National Tube Company, died at Shreveport, La., of pneu- 
monia, on July 25, 1936. He had been connected with the company 
since May, 1902, when he went to work in the Pittsburgh office as a 
draftsman on pipe-mill machinery. He was transferred to Lorain, 
Ohio, in July, 1904, and for about a year was in the Engineering De- 
pariment of the Pipe Mills during the construction of the plant. He 
was then made foreman of the Coupling Department at Lorain, and 
he continued in that position until July, 1917, when he became master 
mechanic of the Pipe Mills. Five years later he was advanced to 
assistant superintendent of the Pipe Mills at Lorain and after serving 
three months in that capacity was sent to the Gary Works to assume 
the superintendency of the Pipe Mills there. In 1926 the Skelp Mills 
were also placed under his direction and at the beginning of 1929 he 
became general superintendent of the Gary Works. 

Mr. Patterson was born at Jedburgh, Scotland, on May 14, 1878, 
son of Peter Patterson, a naturalized citizen of the United States. 
He was graduated from Washington and Jefferson College with a B.S. 
degree in 1901. 

Mr. Patterson is survived by a brother, Peter C. Patterson, of 
Dravosburg, Pa., and by a daughter, Miss Margery Patterson. His 
wife, Edith (Piercy) Patterson, died in 1933. He had been a member 
of the A.S.M.E. since 1919 and also belonged to the American Iron 
and Steel Institute. 


WILLIAM CHAMBERS PATTERSON, JR. (1910-1936) 


William Chambers Patterson, Jr., was born at Philadelphia, Pa., 
on November 29, 1910, son of William Chambers and Anna (Moon) 
Patterson. He attended the South Philadelphia High School and 
was graduated from Drexel Institute, Philadelphia, in 1934, with a 
B.S. degree in mechanical engineering. He was a member of the 
A.S.M.E. Student Branch at Drexel and became a junior member of 
the Society following his graduation. He was secretary of the 
Junior Philadelphia Section, which he helped to form. He was em- 
ployed as safety engineer by the Aetna Life Insurance Company at the 
time of his death on May 14, 1936. He had previously been employed 
by the General Chemical Company, Philadelphia, as a junior en- 
gineer. 
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ALBERT THOMPSON PERKINS (1865-1936) 


Colonel Albert Thompson Perkins, who died in St. Louis, Mo., on 
November 22, 1936, after a brief illness, was born in Brunswick, Me., 
on October 2, 1865. He was the son of the Rev. Charles Sumner and 
Mary (Murray) Perkins. He was educated at the Boston Latin 
School, from which he was graduated in 1883, and at Harvard Uni- 
versity, where he took the A.B. degree magna cum laude in 1887 and 
received the honorary degree of A.M. in 1919. The following record 
of his professional and other activities is based largely on a memoran- 
dum prepared by him not long before his death for use in connection 
with the fiftieth anniversary of the Class of 1887. 

Colonel Perkins was employed on the Chicago, Burlington «& 
Quincy R.R. from 1887 to 1906, serving in various positions in 
Chicago and St. Louis during the first ten years, as superintendent of 
terminals at St. Louis, 1897—1902, and as superintendent of the St. 
Joseph Division at St. Joseph, 1902-1906. 

From 1906 to 1908 he was consulting engineer and railroad adviser 
to the Municipal Bridge and Terminals Commission of St. Louis. 
During that time he made studies of railroad terminals of principal 
cities in this country and Europe, and was called on as adviser in 
terminal matters by several American and Canadian cities. 

In 1908 he became consulting engineer and railroad adviser to the 
St. Louis Union Trust Co.; and subsequently was also a director and 
executive officer in a number of railroad and other corporations con- 
trolled by St. Louis interests, among them the following: 1908-1918, 
first vice-president and managing director, St. Louis, Brownsville & 
Mexico Ry. Co.; 1909-1918, president, Brownsville & Matamoros 
Bridge Co., Marshal & East Texas Ry. Co., New Iberia & Northern 
R.R. Co.; 1909-1921, president, Chicago, Milwaukee & Gary Ry. 
Co.; 1912-1913, consulting engineer, Southern Traction Company 
of Texas; 1916-1934, president, Apalachicola Northern R.R. Co. 
and St. Joseph Land & Development Co.; 1908-1933, president, 
West Texas Abstract & Guarantee Co. He was also manager for 
the receiver, United Railways Co. of St. Louis, 1919-1927; vice- 
president, City Utilities Company, 1927-1931; and president, Peoples 
Motorbus Co. of St. Louis, 1931-1933. He made reports on various 
railroad properties for trust companies and for the United States 
Court and served on several bondholders and reorganization com- 
mittees. 

At the time of his death Colonel Perkins was also a director of the 
Laclede Steel Company, St. Louis Refrigerating & Cold Storage Co., 
St. Louis Public Service Co., Fulton Iron Works Company, and 
Champ Clark Bridge Company. 

His military career began in 1916 when he attended the Plattsburg 
Training Camp. He was in the St. Louis Military Training Corps, 
1916-1917, and was commissioned a major in the Reserve Corps in 
June, 1917, and lieutenant-colonel in the regular army, July 6, 1917. 
Three weeks later he sailed with the 14th Engineers for service abroad. 
On the way through England, this regiment, with three others, 
paraded through London—the first foreign troops under arms in 
London since William of Orange’s Dutch bodyguard appeared there 
in 1688. From England the regiment was sent at once to the front in 
France. Colonel Perkins served with his regiment from August 
through October, 1917, with the British Third Army North during 
the Cambrai offensive, except for October 3 to 12, when he was with 
the British Second Army during the Paaschendaele offensive east of 
Ypres. On October 27, 1917, he was appointed deputy manager of 
Light (Combat) Railways for the American Expeditionary Forces; 
and on March 20, 1918, was appointed manager of Light (Combat) 
Railways, succeeding Major-General Langfitt on his promotion to 
chief engineer, A.E.F. 

On August 13, 1918, he was commissioned colonel, Engineers, 
U.S.A. and on December 27, 1918, was appointed director, Light 
(Combat) Railways and Roads, A.E.F. He was present at the Cam- 
brai (1917), Paaschendaele (1917), Marne-Aisne, Somme, St. Mihie!, 
and Mense-Argonne offensives. His headquarters in 1917 were at 
Boisleux au Mont, near Arras, and in 1918, at Chaumont. He re- 
turned to the United States in March, 1919. He received the Dis- 
tinguished Service Medal from the United States, and the Order of 
St. Michael and St. George from Great Britain. 

For some years after the war he had command of a Combat Engi- 
neers’ Reserve Corps (327th), and he held the rank of colonel in the 
auxiliary Reserve Corps until his death. He took an active interest 
in the Citizens’ Military Training Camps, and was a member of the 
National Executive Committee from its beginning. He also served 
on various other military committees. Largely as a military and 
naval duty he constructed, for the Pulitzer cup air races in 1925, the 
aviation fieid which has »ccome the Lambert St. Louis Airport. 

Colonel Perkins took a prominent part in St. Louis activities. At 
the time of his death he was serving as trustee and vice-president of 
the Missouri Botanical Garden in that city; trustee of the Ranken 
School of Mechanical Trades and of the St. Louis Museum of Science 
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and Industry; trustee of the Community Fund of St. Louis, of which 
he was a past-president; trustee and chairman of the Governmental 
Research Institute; and a member of the executive committee of the 
St. Louis Symphony Society. 

He had been president of the St. Louis Electrical Board of Trade 
and of the St. Louis Chapter of the National Aeronautic Association; 
president of the University Club of St. Louis for four terms; and had 
served on a considerable number of other charitable, educational, and 
civic boards and committees. During the streetcar strike in St. 
Louis in 1900 he was a member of the sheriff's posse. He took a 
small part in politics, including service in 1936 as vice-chairman of the 
Missouri Committee of the Republican National Finance Committee. 

To Harvard University he also gave generously of his time on com- 
mittees and in other ways. He was one of the original members of the 
Harvard Fund Council, serving as vice-president in 1926 and from 
then until 1932 as president. He was a member of the Board of 
Overseers from 1925 to 1931, and its president in 1930-1931; he was 
also on the executive committee of that board for several years and 
served at different times on its committees to visit five departments 
of the university——Economics, Business School, Chemistry, Engineer- 
ing School, and Military and Naval Science and Tactics. He had 
been chairman of the committees on the last three of these depart- 
ments. Colonel Perkins belonged to the Harvard clubs in New York, 
Boston, and St. Louis, and was president of the Associated Harvard 
Clubs, 1914-1915. He was also a member of the Harvard Engineer- 
ing Society. 

The membership of Colonel Perkins in the A.S.M.E. dated from 
1922. He also belonged to the American Institute of Electrical En- 
gineers, American Institute of Consulting Engineers, Society of 
American Military Engineers, of which he was a past-president, and 
to a number of clubs, including the Faculty in Cambridge, and the 
Engineers, Noonday, University, Round Table, Circle, and Commer- 
cial, of St. Louis. 

Surviving Colonel Perkins are his widow, Eva 8. (Lemoine) Per- 
kins, whom he married in 1898, and a daughter, Katherine Lemoine, 
wife of Governor Lloyd C. Stark, of Missouri. 


JOHN BERTRAM PURVES (1876-1936) 


John Bertram Purves, mill manager of the Biron Division of the 
Consolidated Water Power & Paper Co., Wisconsin Rapids, Wis., 
died in that city on February 19, 1936. He was a native of Scotland, 
having been born at Greenlaw, Berwickshire, on January 24, 1876, 
son of Andrew and Jane (Fortune) Purves. He attended the Heriot 
Watt College in Edinburgh and served an apprenticeship at Ber- 
tram’s Ltd., paper-machine builders there. He then went to Lon- 
don, where he was connected for seven years with Masson, Scott «& 
Co. Ltd., during the latter part of the time as chief draftsman. 
While in London he also attended the Battersea Polytechnic Insti- 
tute. 

Mr. Purves came to thé United States in 1905 and for seven years 
was master mechanic for the Tileston & Hollingsworth Co., Hyde 
Park, Boston, Mass., paper manufacturers. He became a naturalized 
citizen of the United States in 1912 and in that same year went to 
Wisconsin, where he was mechanical engineer for the Combined 
Locks Paper Company until 1918. At that time he became general 
superintendent of the Interlake Pulp & Paper Co., at Appleton, Wis., 
a division of the Consolidated Water Power & Paper Co. of Wis- 
consin Rapids. In 1921 he was called to Port Arthur, Canada, by 
the Port Arthur Ship Building Company to supervise equipment for 
making paper-mill machinery. He became mill manager of the Biron 
Division of the Consolidated Water Power & Paper Co. the following 
year. 

Mr. Purves contributed articles on paper-mill machinery and manu- 
facture to the technical press. He was greatly interested in the 
study of astronomy. He was serving as chairman of the board of 
trustees of the First Congregational Church in Wisconsin Rapids at 
the time of his death. He was a 32nd degree Mason and had been 
a member of the A.S.M.E. since 1915. 

Surviving Mr. Purves are his widow, Sarah Mitchell (Bertram) 
Purves, whom he married in 1907; and a brother, Sir Thomas Fortune 
Purves, past-president of the Institution of Electrical Engineers. 


AUGUSTUS H. RIDDELL (1870-1937) 


Augustus H. Riddell, whose death occurred on July 2, 1937, was 
born at Allegheny, Pa., on June 1, 1870, son of Samuel and Sara Jane 
(Boyd) Riddell. He attended public schools at Haddonfield, N.J., 
and at the age of fifteen entered upon an apprenticeship with the firm 
of M. R. Mucklé, Jr. & Co., contracting engineers of Philadelphia, Pa. 
During the latter part of his apprenticeship he studied drafting at The 
Franklin Institute. 
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In 1891 Mr. Riddell entered the employ of the Stearns Manufactur- 
ing Company, of Erie, Pa., in its Philadelphia office. He did drafting 
for a time, then was superintendent of erection, and from 1894 to 1898 
was sales agent for the company in that district. He also represented 
the Harrisburg Manufacturing & Boiler Co. 

From 1898 to 1930 Mr. Riddell was associated with Charles EB. 
Machold in contracting engineering. For a number of years they 
were connected with the Philadelphia branch of the New York firm 
of Burhorn & Granger and its successor, the A. D. Granger Co. Then 
they formed their own partnership, their principal line being steam 

.power plants, heavy plate metal work, steam fitting, and cooling 
towers. 

After the business was discontinued in 1930 Mr. Riddell was sales- 
man in the Philadelphia district for the Lancaster Iron Works, of 
Lancaster, Pa. He held this position at the time of his death. 

Mr. Riddell leaves his widow, Marie (VanBuskirk) Riddell, and 
two children, Augustus H. Riddell, Jr., and Josephine VanBuskirk 
(Mrs. 8. D.) Peters. Mr. Riddell and Mr. Machold both became 
members of the A.S.M.E.in 1901. Mr. Machold survives him. 


CHAMPLAIN L, RILEY (1877-1937) 


Champlain L. Riley, vice-president and treasurer of the consulting 
firm of Clark, MacMullen & Riley, Inc., New York, N.Y., died at his 
home in Plainfield, N.J., on April 16, 1937. 

Mr. Riley was born in East Orange, N.J., on March 2, 1877, son 
of William H. and Louisa W. (Lord) Riley. He attended primary 
school in Scotch Plains, N.J., and high school in Plainfield and in 
Ithaca, N.Y., and was graduated from the Sibley School of Engineer- 
ing of Cornell University in 1899 with an M.E. degree in electrical 
engineering. 

Following his graduation he began work as a draftsman for Clark & 
MacMullen, making electric wiring layouts. In 1909 he was made a 
member of the firm, during his long association with which he was re- 
sponsible for plans and specifications for the heating, ventilating, and 
electrical and mechanical equipment of many large industrial plants 
and institutional and civic buildings. Also, under the firm name of 
MacMullen, Riley & Durley, he engaged in considerable work for the 
Province of Ontario, designing installations for public buildings in 
Canada. He was also, at the time of his death, treasurer of Industrial 
Associates, Inc., vice-president and treasurer of the Urban Laundry 
Co., Inc., and a member of the board of directors of the Open Stair 
Dwelling Company, all New York firms. 

Mr. Riley’s interest in civic and educational matters, as well as his 
literary and musical tastes, are indicated by his connection with a 
number of organizations. He had been president of the Plainfield 
Recreation Committee and trustee of the Parker Athletic Field Fund, 
and a member of the New Jersey Men’s League for Women Suffrage, 
the Plainfield Public Forum, and the Plainfield Community Chorus. 
His clubs were the Watchung Valley and the Twin Brooks Country 
Clubs. He had been a member of the A.S.M.E. since 1917. 

Mr. Riley’s immediate family consisted of his wife, Ida E. (Holt) 
Riley, whom he married in 1904, a daughter, Constance R. (Mrs. D. 
W. Richards, Jr.), and three sons, Philetus H., Edward C., and Rich- 
ard L. Riley. 


EDWARD FREDERICK RORKE (1878-1936) 


Edward Frederick Rorke, president and general manager of the 
Perfection Equipment Company, Inc., St. Louis, Mo., died in that 
city on December 29, 1936. He went into business for himself in 
1920 to design, manufacture, and sell automatic equipment and ap- 
paratus particularly adapted to the requirements of bottlers of car- 
bonated beverages. He invented the Rorke-Perfection Water Still, 
in capacities of from 5 to 500 gph, functioning automatically 24 hours 
a day. He described this in 1926 as ‘the only water-distilling ap- 
paratus built in sizes larger than five gallons per hour capacity that 
is a self-contained unit—all other water-distilling apparatus func- 
tioning by virtue of steam supplied by a high-pressure steam boiler, 
whereas the Rorke-Perfection Water Still at no time develops a 
steam pressure.” 

Mr. Rorke was born in Chicago, IIl., on August 25, 1878, son of 
Frederick J. and Elizabeth H. (Furner) Rorke. He attended public 
schools in Chicago and for some years was employed by E. Goldman 
& Co., of that city, in the design, sale, and installation of automatic 
machinery especially adapted to the requirements of breweries and 
bottling plants. In 1914 Mr. Rorke entered the employ of the Whis- 
tle Company, of Columbus, Ohio, manufacturers of soft drinks. 
Mr. Rorke installed equipment for the production of flavoring syrup 
and for bottling beverages, continuing with the company until 1920, 
except for a short time during the World War, when he was with the 
304th Engineers at Newport News, Va. 


Mr. Rorke became a member of the A.S.M.E. in 1926. He was a 
member of the Engineers’ Club of St. Louis, a 32nd degree Mason, 
and a former Rotarian. He was twice married, his first wife, de- 
ceased, being Maude (Bandow) Rorke, and his second, who survives 
him, being Nellie (Lair) Rorke. He is also survived by three chil- 
dren, Harold B. and Dorothy Lair Rorke, and Florence (Rorke) 
Armstrong. 


CRANDALL ZACHARIAH ROSECRANS (1897-1937) 


Crandall Zachariah Rosecrans was born in Chicago, IIl., on January 
4, 1897, a son of Crandall A. and Olive E. (Haney) Rosecrans. He 
prepared for college at the Austin High School, Chicago, entered the 
University of Illinois in 1915, and received the degree of B.S. in me- 
chanical engineering in 1919. This was followed by an M.S. degree in 
mechanical engineering in 1921 and an M.E. degree in 1929. He con- 
tinued his studies and had nearly completed work for the degree of 
Ph.D. in mechanical engineering at the time of his death, which oc- 
curred on January 7, 1937, at St. Louis, Mo. 

From 1919 to 1926 Mr. Rosecrans was associated with the Engi- 
neering Experiment Station of the University of Illinois, serving 
successively as a research graduate assistant, research assistant, and 
research associate. His work was principally concerned with studies 
of explosions of gaseous mixtures in closed chambers, air and fluid flow 
measurements, and the thermodynamic analysis of gas-engine tests. 
He also served as test assistant in connection with warm-air heating 
research done at the university under the auspices of the National 
Association of Warm Air Furnace Manufacturers; and in connection 
with the ventilation experimental work done for the Holland vehicu- 
lar tunnels. During the summer of 1924 he conducted an investiga- 
tion of Diesel-engine fuel-oil sprays at Langley Field for the National 
Advisory Committee for Aeronautics; this involved the use of high- 
speed photography, which he also used in connection with his studies 
of explosions of liquid fuels at the university. 

Mr. Rosecrans accepted the position of research engineer with the 
Leeds & Northrup Co., Philadelphia, Pa., in 1926, and, for the next 
two years supefvised research and development work on automatic 
gas-analysis equipment, using the thermal-conductivity method, and 
acted in an advisory capacity to the engineering and ‘production de- 
partments. During the summer of 1928 he was acting director of 
research, and subsequently was appointed chief of the chemical and 
mechanical divisions of the development department. In this posi- 
tion, he was in charge of research and development in connection with 
flowmeters, electrical conductivity measuring and controlling appara- 
tus, hydrogen-ion measuring and controlling equipment, automatic 
gas-analysis equipment, and precision conductivity measuring ap- 
paratus, as well as all experimental work relating to the development 
of the Gibson combustion-control system. In 1929 he was placed at 
the head of the metallurgical division, as well as of the mechanical 
division, and he continued to direct the work of both divisions and to 
supervise the research library and the research instrument shop until 
1935. After that time he held the title of assistant director of re- 
search, though he continued in direct charge of the metallurgical di- 
vision until his death. His principal research activities for the com- 
pany were in connection with fluid flowmeters, thermal conductivity, 
gas analysis, precision governors, combustion control, and carburizing 
furnaces. He also had charge of laying out and conducting a nine- 
months’ course of instruction for new sales engineers of the company. 

Mr. Rosecrans was the author of a number of articles reporting the 
results of his researches. His work at the University of Illinois re- 
sulted in the preparation, with collaborators, of three reports which 
were published by the Engineering Experiment Station in its bulletins. 
Other articles by Mr. Rosecrans were published in the Journal of the 
Optical Society of America and the Review of Scientific Instruments; 
Automotive Industries; Industrial and Engineering Chemistry; Re- 
frigerating Engineering; Journal of the American Water Works As- 
sociation; and Science. Mr. Rosecrans was granted a number of 
patents, including those for a flowmeter compensator, an electrical 
precipitator for gas cleaning, a filter precipitator for use in gas anal- 
ysis, and a method of heat treatment in a carbonaceous atmosphere. 
These were all developed under his supervision while he was associated 
with the Leeds & Northrup Co. 

At the time of his death Mr. Rosecrans was a captain in the Coast 
Artillery Corps Reserve. He began his service as a reserve officer 
when he was commissioned a second lieutenant in the Engineer Of- 
ficers’ Reserve Corps in 1924. He was transferred to the Ordnance 
Reserve in the same year and received his promotion to first lieutenant 
in 1926. The next year he was transferred to the Coast Artillery 
and assigned to the 603rd (Railway) Regiment. He received his 
promotion to captain in 1930. His technical knowledge led to 
his appointment, in 1935, to the Coast Artillery Board, to which his 
studies of ballistics and gunnery were of value. 
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Mr. Rosecrans became associated with the A.S.M.E. in 1915 as a 
student. He was elected to junior membership in 1921 and trans- 
ferred to full membership in 1929. He also belonged to the Institute 
of Metals, Verein deutscher Ingenieur, The Franklin Institute, Ameri- 
can Association for the Advancement of Science, American Chemical 
Society, and the American Society of Refrigerating Engineers. He 
was a representative of the last-named group on the Sectional Com- 
mittee on Pressure and Vacuum Gages, of the American Standards 
Association. He had also served on committees of the American So- 
ciety for Testing Materials. He belonged to the Tau Beta Pi, Sigma 
Xi, Pi Tau Sigma, Phi Mu Alpha, and Acacia fraternities and was a 
prominent Mason, being a past-master of his lodge, a Grand Lecturer 
in the State of Illinois, and a member of the Commandery and of the 
Scottish Rite bodies. He was also a member of the Sons of the Ameri- 
can Revolution, United States Coast Artillery Association, and Engi- 
neers Club of Philadelphia. 

Mr. Rosecrans married Roberta Josephine Doisy, of Champaign, 
Ill., in 1927, and is survived by her and their two daughters, Roberta 
Josephine and Dorothy Anne Rosecrans. 


SAMUEL D. ROSENFELT (1879-1937) 


Samuel D. Rosenfelt, who was connected with the Franklin Rail- 
way Supply Company, Inc., from 1912 until ill health necessitated his 
retirement in January, 1937, died in St. Louis, Mo., on August 29, 
1937. He was born on July 28, 1879, at Firth, Neb., son of Henry 
and Sophia (Newman) Rosenfelt. He followed his common school 
education with a business course and his first engineering work was 
with the Chicago & Northwestern Ry. Co. He began as a machinist 
helper in the shops at Chicago in 1903 and when the force there was 
reduced was transferred to the Signal Department. He was returned 
to the Mechanical Department in the fall of 1904 as locomotive fire- 
man and at the end of three years passed his examination and was ad- 
vanced to locomotive engineer. He continued in this position until 
he became associated with the Franklin Railway Supply Company. 
Concerning his connection with that company, Mr. Rosenfelt gave 
the following record when he applied for membership in the A.S.M.E. 
in 1921: 

‘‘During the last two years of service with the Chicago & North- 
western, I designed and patented a pneumatic fire door, known as 
the Franklin No. 8 or Butterfly type. In 1912 I completed negotia- 
tions with the Franklin Railway Supply Company, Inc., and since 
that time they have been manufacturing the door in question. I 
entered their services in July, 1912, and acted in their Service Depart- 
ment as mechanical representative and did special work in nearly 
every section of the United States and Canada. Later I was assigned 
to the northwestern territory, with headquarters in Chicago, from 
which position I was promoted to sales manager in charge of the south- 
western territory, with offices in Dallas. I entered the sales depart- 
ment in January, 1918.” 

Subsequent records show that Mr. Rosenfelt was transferred to St. 
Louis in January, 1925. 

Mr. Rosenfelt was elected an associate-member of the A.S.M.E. in 
1921 and automatically transferred to full membership in 1935. He 
also belonged to the International Railway Fuel Association and the 
Traveling Engineers’ Association. He was a member of the St. 
Louis Chamber of Commerce from 1925 to 1932. His fraternal orders 
included the Masons, Odd Fellows, and Brotherhood of Locomotive 
Engineers and Firemen. He was a Royal Arch Mason, Knight 
Templar, and member of the Scottish Rite. 

Mr. Rosenfelt is survived by his widow, Helen (Merrill) Rosenfelt, 
whom he married in 1913. 


WILLIAM NICHOLAS RUMELY (1858-1936) 


William Nicholas Rumely, who in the period between 1883 and 
1910 was granted 27 patents on agricultural equipment, died at his 
home in Chicago, IIll., on November 24, 1936, at the age of seventy 
eight. For the outstanding service which he rendered in the field of 
engineering as applied to agriculture, he was elected to honorary 
membership in the American Society of Agricultural Engineers in 
1933. 

He was the son of Meinrad and Theresa Rumely and was born at 
LaPorte, Ind., on March 20, 1858. Here his father, in the early fifties, 
had established the Rumely Engine Works, a pioneer company in the 
manufacture of threshing machines and steam-traction engines. 
His son received his early education in a private school and from 1868 
to 1873 attended the preparatory school at Motre Dame University. 
Then he entered upon @ four-year apprentices!i; in his father’s works, 
at the same time studying mathematics and mechanical drawing 
under a private tutor. In 1878 and 1879 he took a special course in 
mechanical drawing under Professor Charles W. MacCord, at Stevens 
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Institute of Technology. He returned to LaPorte to work as drafts- 
mui and foreman for the Rumely Engine Works and in 1881 was ad- 
vanced to the position of mechanical superintendent and designer. 
In 1886 he was appointed vice-president of the company and served 
in that capacity until 1904, when he was elected its president. He 
continued as chief executive of the company, which was then known 
as the M. Rumely Company, until he resigned in 1912 to devote his 
attention to other interests. 

The patents granted to Mr. Rumely were chiefly on threshing 
machines, clover hullers, internal-combustion tractors, friction 


clutches, steam boilers, steam-traction engines, and pneumatic straw, 


stackers. He also took a prominent part in the engineering develop- 
ment of a line of oil-burning tractors, called the ‘‘oil pull,”’ for which 
his company was well known. 

While still head of the Rumely company, Mr. Rumely was also 
president, from 1907 to 1909, of the Walsh Governor Company, of 
LaPorte. In 1913 he helped to organize the Gilderman Furnace & 
Foundry Co., located at Syracuse, Ind. About three years later, this 
plant was moved to LaPorte and taken over by The LaPorte Foundry 
Company, Inc., which was organized at that time and of which Mr. 
Rumely was president until June, 1936. The company is now under 
the presidency of his brother, A. J. Rumely. 

Mr. Rumely entered the machine-tool industry in June, 1911, 
when he associated himself with E. H. Wachs in the Rumely-Wachs 
Machinery Company of Chicago, which took over the business of 
McDowell, Stocker & Co. Mr. Rumely served as president of the 
company until 1917, when it consolidated with the H. A. Stocker 
Machinery Co. to form the Stocker-Rumely-Wachs Company. The 
following year, upon the death of Mr. Stocker, Mr. Rumely was made 
president of the company and he continued ‘u that office until he 
retired from active business in 1928. He was also a director of The 
Liberty Machine Tool Company, of Hamilton, Ohio, from the time 
of its organization in December, 1917, until his death. In 1918 he 
acquired the controlling interest in the Long & Allstatter Co., of 
Hamilton, builders of heavy machine tools, and he served as president 
of this company for a ten-year period. He was also president of the 
Iliiaois Thresher Company, of Sycamore, IIl., from 1913 to 1928. 

Mr. Rumely became a member of the A.S.M.E. in 1885 and of The 
Franklin Institute ten years later. He was also a member of the 
Machinery Club, Chicago, and a former director of the Colonial Trust 
& Savings Co., Chicago. He was especially interested in astronomy. 

Surviving Mr. Rumely are his widow, Anna (Long) Rumely, whom 
he married in 1888, and four children, Marie, Mark A., and Richard 
L. Rumely, and Mrs. Charles Townsend, as well as his brother and 
three sisters. 


ALFRED RUSBATCH (1860-1936) 


Alfred Rusbatch, who was retired on pension in 1926 after being 
employed for nearly fifty years by the American Steel & Wire Co., 
and related companies, died at his home in Oberlin, Ohio, on October 
7, 1936. He had received a 45-year service medal from the com- 
pany, his connection with it having begun in 1877, when he entered 
upon an apprenticeship with the Washburn & Moen Manufacturing 
Co. During the next ten years he served at the North and South 
Works of the company in Worcester. He also secured additional 
training in the shops of the Pond Machine Tool Company, then lo- 
cated in Worcester, at the Worcester Steel Works of The Putnam 
Company (of Putnam, Conn.), and at the Morgan Construction 
Company, Worcester. 

In 1887 he was transferred to the American Works of the American 
Wire Company, at Cleveland, as a millwright. The following year 
he was given the position of a rod roller and in 1892 became super- 
intendent of the rod mill, in charge of operation and repairs. In 
1898-1900 he was located at the Joliet Works of the Lilinois Steel 
Company in connection with the construction and operation of a rod 
miil. In 1901. after a trip abroad for his health, he entered upon a 
long period of service as superintendent of the Rod Mills of the Ameri- 
can Works of the American Steel & Wire Co., Cleveland. His last 
year with the company was spent in the Engineering Department of 
the Cleveland office. 

Mr. Rusbatch was born at Pontypool, Monmouthshire, England, 
on November 11, 1860, son of Moses and Catherine (Thomas) Rus- 
batch. He became a citizen of the United States in 1877 by virtue 
of his father’s papers, taken out in Worcester, Mass. In addition to 
public schooling (in this country) he took evening classes in mathe- 
matics and mechanical drawing in Worcester, at the City Night 
School and the Worcester County Free Institute of Industrial Science 
(now Worcester Polytechnic Institute). 

Among the inventions on which Mr. Rusbatch had been granted 
patents were a wire-rod-coiling machine, a gage, a gas producer, a 
power discharging rod reel, and a wire-drawing machine. 
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Mr. Rusbatch became a member of the A.S.M.E. in 1901. He was 
a 32nd degree Mason. 

Surviving Mr. Rusbatch are his widow, Gertrude (Lovering) 
Rusbatch, whom he married in 1885, and two daughters, Sara (Mrs. 
S. G.) Boyd, of Atlanta, Ga., and Margaret (Fuller) (Mrs. J. R.) 
Cantley, of South Bend, Ind. 


WALTER 8. RUSSEL (1855-1935) 


Walter 8S. Russel, who was a former manager and vice-president of 
the A.S.M.E. and a founder and the first president of The Detroit 
Engineering Society, died at his summer home at Belle River, on the 
Canadian shore of Lake St. Clair, on August 17, 1935, of heart disease. 
He was born in Detroit, Mich., on March 12, 1855, son of Dr. George 
B. and Anne Elizabeth (Davenport) Russel. He attended public and 
private schools and in 1875 was graduated from the University of 
Michigan with a degree in civil engineering. In 1910 the university 
conferred the honorary degree of M.Eng. upon him. 

During the summers of 1873 and 1874 Mr. Russel worked on the 
U.S. Lake Survey under General Comstock and upon graduation was 
appointed an assistant engineer on this project. He resigned in 
1876 and, with his brothers, George H. and John R. Russel, joined in 
the building and operation of a logging-car and structural steel plant. 
In 1880, the company was incorporated as the Russel Wheel & Foun- 
dry Co., Detroit. Mr. Russel served at various periods as general 
manager, vice-president, president, and chairman of the board of the 
company, which is now known as the Russel Steel Construction Com- 
pany. 

Mr. Russel served a two-year term, from 1906 to 1908, as a director 
of the Detroit Board of Commerce. He was one of the original or- 
ganizers of the Detroit Employers’ Association, established for col- 
lective bargaining with the unions in 1902. Finding that impractical, 
the association declared for industrial freedom and Mr. Russel was a 
stalwart fighter toward this end. 

A number of directorships were held by Mr. Russel. He was a 
director of the American Radiator Company of Illinois from 1891 to 
1899 and of the American Radiator Company, organized in 1899, from 
that time until his death. In this connection it is interesting to know 
that he was present at every annual meeting of the American Radiator 
Company, and at every meeting at which a dividend was to be de- 
clared, the motion was made by Mr. Russel. At the time of the 1930 
annual meeting of the company, Mr. Russel was abroad with Mrs. 
Russel. Leaving her in Europe, he returned to New York, where he 
spent two days in order to attend the meeting, then rejoined her. 

He was a director of the Detroit Steel Products Company, Detroit, 
from the date of its formation in 1904 until his death, and was its 
president from 1904 to 1916. He had been a director of the Hoskins 
Manufacturing Company, Detroit, since 1911, of the McCord 
Radiator & Manufacturing Co., Detroit, since its organization in 
1923, and of the Detroit Lubricator Company since 1924. He be- 
came a director of the Peoples State Bank, Detroit, in 1920 and served 
in that capacity in its successor banks, the Peoples Wayne County 
Bank and the First National Bank, until 1933. 

Mr. Russel was a member of the Delta Kappa Epsilon and Tau 
Beta Pi fraternities. His clubs included the Detroit Club, of which 
he was president in 1911-1912, and several other clubs in Detroit and 
vicinity. Duck shooting and salmon fishing were sports of particular 
pleasure to him. 

Mr. Russel had been a member of the A.S.M.E. since 1887, and of 
the A.I.M.E. since 1886. He served as a manager of the A.S.M.E. 
from 1893 to 1896 and as a vice-president from 1897 to 1899. 

Surviving Mr. Russel are his widow, Mary E. (Rumney) Russel, 
whom he married in 1880, and two daughters, Gertrude (Mrs. E. C.) 
Doughty, of Williamstown, Mass., and Marie (Mrs. A. G.) Nutter, of 
Grosse Pointe, Mich. <A son died in 1930. 


FREDERICK WILLIAM SALMON (1866-1936) 


Frederick William Salmon, who was elected an associate of the 
A.S.M.E. in 1900 and a member four years later, died in Birming- 
ham, Ala., on January 6, 1936. He was born at Stafford, England, 
on November 4, 1866, and received his education principally from 
private tutors. 

After learning the machinist’s trade, Mr. Salmon worked at it for 
a short time in 1890 at the Sioux City Engine and Iron Works, Sioux 
City, Iowa, and for the next two years was an erector for this or- 
ganization. This was followed by a similar engagement with the 
Edward P. Allis Co., Milwaukee, Wis. From 1893 to 1895, he de- 
signed special machinery for the Novelty Iron Works, Dubuque, 
Iowa, and new shops, special tools, and engines for the William A. 
Harris Steam Engine Co., Providence, R.I. In October, 1895, Mr. 
Salmon returned to the Sioux City Engine and Iron Works as chief 
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engineer. He accepted a similar position with the Murray Iron 
Works Company, Burlington, Iowa, the following June. 

He remained with the Murray Company for 15 years, designing 
Corliss and other engines, boilers, special tools, electric and hydraulic 
cranes, and air compressors, and supervising their construction. 
During this time, Mr. Salmon was granted patents on an engine bed, 
a flyball governor, and a bearing, and the company received several 
awards and medals for machinery that he designed and built. 

This employment was followed by eight years as chief engineer for 
the Hardie Tynes Manufacturing Company, of Birmingham, manu- 
facturers of engines, compressors, mine hoists, hydraulic equipment, 
and special heavy machinery. Subsequently, he did miscellaneous 
special designing and engineering for the Woodward Iron Company, 
Woodward, Ala.; designed machinery for the Chickasaw Shipbuild- 
ing Company, a wartime subsidiary of the U.S. Steel Corp., Mobile, 
Ala., supervised trials of vessels built at this yard, and prepared re- 
ports on their performance; and was employed by the Chesapeake & 
Ohio Ry. Co. in the mechanical engineer’s office at Richmond, Va. 

Mr. Salmon was the author of approximately one hundred articles 
on engineering topics which were published in the technical press of 
the United States, Canada, England, and France. 

In addition to his membership in the A.S.M.E., Mr. Salmon be- 
longed to the American Society of Naval Engineers and The Franklin 
Institute. He was unmarried and had retained his British citizen- 
ship. Surviving him are two brothers, Louis E. Salmon, of Provi- 
dence, R.I., and Ralph L. Salmon, Sr., of Baltimore, Md. 


ANDREW SANGSTER (1868-1936) 


Andrew Sangster, a director of the Canadian Ingersoll-Rand Com- 
pany Limited, with which he had been connected since 1890, died at 
the Royal Victoria Hospital, Montreal, Que., Can., on April 18, 1936, 
after a brief illness. He was born in Sherbrooke on February 8, 
1868, son of James and Isabel (Michie) Sangster, and attended public 
schools there and in Almonte, Ont. 

At the age of fourteen he began work with the Paton Manufactur- 
ing Company, Sherbrooke, and three years later became apprentice 
machinist with the Jenckes Machine Company of that city. Upon 
the completion of his training, early in 1889, he went to Philadelphia, 
Pa., where he was employed for about a year by William Sellers & 
Co. and Bement, Miles & Co. Following his return to Sherbrooke he 
worked for the Canadian General Electric Company for a few months, 
as machinist and toolmaker, then in September, 1890, took a similar 
position with the Canadian Rand Drill Company. In less than a 
year he was made foreman of the plant, of which Frederick A. Halsey 
was then general manager. Mr. Sangster was made superintendent 
in 1895 and subsequently works manager, in which capacity he con- 
tinued until May, 1932. He retired from active participation in the 
direction of the works at that time, but because of his long experience 
was retained in an advisory capacity and as a member of the board of 
directors of the company. 

The Canadian Rand Drill Company was organized in 1880. By 
1900 it employed about one hundred men and the greater part of its 
growth to this point took place in the second ten years of its existence. 
Here Halsey was given a free hand to try out his premium plan of 
wage payment (see memorial of Mr. Halsey in Trans. A.S.M.E., 
1936), as well as some of his mechanical ideas. In a rapidly growing 
business, Mr. Sangster not only had direct charge of all its branches 
but contributed to the design of shop tools and equipment and de- 
veloped many improvements in the products of the company. 

He was also president of Sangster’s Garage Limited and was identi- 
fied with a number of other business interests in Sherbrooke. 

In the community and civic life of his native city, Mr. Sangster 
also took an active part. He was president of the Sherbrooke Protes- 
tant Hospital; a past-president of the Board of Trade; a member 
of the Sherbrooke Chamber of Commerce and of the Industrial Com- 
mission of that city; and a director of the Eastern Townships Agri- 
cultural Association. He was a charter member and past-president 
of the Rotary Club of Sherbrooke and past-president of the local 
Y.M.C.A. organization. He was on the board of the Plymouth 
Church and in politics was a keen Conservative. His clubs in- 
cluded the Country, Snowshoe, Curling, and St. Georges, all of Sher- 
brooke, and he belonged to the Odd Fellows. He became a junior 
member of the A.S.M.E. in 1900 and was promoted to full member- 
ship eight years later. He was also a member of the Canadian In- 
stitute of Mining and Metallurgy. 

Married in 1898 to Emma Maud Giff, of Sherbrooke, Andrew 
Sangster is survived by her and by three children, a son, Gordon, of 
Sherbrooke, and two daughters, Dorothy (Mrs. G. 8.) Walsh, of 
Hemmingford, Que., and Muriel (Mrs. W. R.) Whitehead, of Quebec 
City; also by two sisters and two brothers, as well as by a number of 
grandchildren, nephews, and nieces. 
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The following excerpts from an editorial in the Sherbrooke Tele- 
gram pay tribute to his active and useful life. 

‘‘Few if any, of our Sherbrooke citizens can lay claim to having 
served their community with such generous freedom of thought and 
action as the late Andrew Sangster whose passing away removes a 
colourful figure closely identified with the moral, social, intellectual 
and physical activities which have made Sherbrooke a better city in 
which to live. 

‘He was a strong advocate of the principle that hard, honest work 
was the solid foundation of success and from the early age of fourteen, 
when he secured employment with the Paton Manufacturing Com- 
pany, he gave a practical interpretation of conscientious responsi- 
bility which has found its counterpart in the unexcelled efficiency 
which is the pride of Sherbrooke’s skilled mechanics. 

‘‘After many years of faithful service with the Canadian Ingersoll- 
Rand, he controlled the working conditions of over half a thousand 
employees, and his thorough and sympathetic understanding of their 
trials and tribulations enabled him to govern with the same degree of 
efficiency which he had shown when carrying out the tasks which he 
was now supervising. 

‘Fully conscious of the importance of educational and recreational 
facilities, as a corollary of contented employment, Andrew Sangster 
played a prominent part in providing ways and means contributing 
to more genial living conditions. 

“‘The late Andrew Sangster never shirked his responsibilities to 
the community. Whether it was in maiters affecting his particular 
Church; an issue of importance to the Hospital; the possibility of 
creating educational or recreational facilities for the boys; considera- 
tion of city problems under the auspices of the Board of Trade; or an 
interest in the work of crippled children sponsored by the Rotary 
Club; he was not merely willing but anxious to give a helping hand.” 


MICHAEL F. SCHOPF (1885-1936) 


Michael F. Schopf, who died on November 16, 1936, from coronary 
thrombosis, while on a vacation at Melbourne, Fla., was born in 
Hungary on August 24, 1885, son of Anton and Rosa (Wild) Schopf. 
His education was obtained in the public schools of his birthplace; 
the Hungarian State Polytechnic, which he attended for two years; 
and the Hays School of Combustion, Chicago, IIl. 

In 1908, after serving for five years in the Austrian Navy, Mr. 
Schopf came to the United States and obtained employment as chief 
engineer of the Stewart Building, Chicago, where he was in charge of 
maintenance and power-plant operation for nearly eight years. His 
next position was that of traveling engineer for the Sanitary District 
of Chicago, supervising operation and maintenance, this employment 
continuing for approximately four years and being followed by one 
of similar duration as manager and chief engineer of another Chicago 
office building. 

Mr. Schopf accepted the position of chief engineer of the power 
plant of the Rosenbaum Grain Corporation, Chicago, in 1926 and 
remained there until 1932, when the corporation went into bank- 
ruptcy. He continued in the same capacity with its successor, 
Chicago Elevator Properties, until 1935, when Cargill, Inc., of Min- 
neapolis, Minn., took over the business and appointed Mr. Schopf 
chief engineer of its Chicago elevator. This employment continued 
until his death. 

He became a citizen of the United States at Chicago in 1915. He 
was elected an associate-member of A.S.M.E. in 1932, and was auto- 
matically transferred to full membership in 1935. He was a Master 
Mason and a charter member of the West Irving Lodge, Chicago. 

Mr. Schopf is survived by his widow, Helen (Ginther) Schopf, 
Plano, Ill., whom he married in 1908, and by a daughter, Erma 
(Schopf) Foster, of Chicago. 


JOHN STAUBLEY SCHUMAKER (1878-1936) 


John Staubley Schumaker, who was elected an associate of the 
A.S.M.E. in 1905, was born on April 7, 1878, at Tolland, Conn., son 
of Frank and Gertrude (Staubley) Schumaker. 

At the age of seventeen, Mr. Schumaker was employed at the power 
station of the Hartford Street Railway Company, Hartford, Conn., 
and three years later he was appointed engineer in charge of the 
station. He left there in 1902 to accept the position of chief engineer 
with the Farrel Foundry & Machine Co., at Ansonia, Conn. He as- 
sisted in the design of a new central electric power plant and super- 
vised its construction. Upon the completion of the plant he was 
engaged in a special research on combustion for the company until 
August, 1906, when he became fuel engineer with the Boston Ele- 
vated Railway Company. Here again his particular work was the 
improvement of combustion, and he was very successful in increasing 
the combustion efficiency of the different power plants, of which he 
became acting superintendent. 
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Mr. Schumaker severed this connection in 1908 and, with Joseph V. 
Santry (now a member of the A.S.M.E.), organized the Schumaker- 
Santry Company, consulting engineers, Boston. The partnership 
was terminated in 1911 when Mr. Schumaker entered the paper- 
making industry as consulting engineer on fuel economies for the 
S. D. Warren Co., Boston, in connection with the plant at Cumber- 
land Mills, Me.; he achieved such success in this work that he was 
offered, and accepted, the position of engineer and mechanical super- 
intendent of the Maine mills. He resigned in 1918 to become super- 
intendent of mills for the United Paper Board Company, New York, 
N.Y. Always interested in promoting a better understanding be- 
tween employer and employee, he was successful in'settling strikes at 
these mills. 

In 1919, Mr. Schumaker engaged in business for himself as a con- 
sultant and analyst of paper-mill problems and, in 1920, went to 
Lincoln, N.H., as engineer and assistant manager for the Parker- 
Young Company, to modernize its paper mill. He left this position 
after holding it for six years and spent a year in traveling abroad and 
in this country. In 1927, he became production engineer at the 
Canton, N.C., mill of the Champion Fibre Company, of Hamilton, 
Ohio, and held this position until his death, which occurred on June 
14, 1936, at the Biltmore Hospital, Asheville, N.C., after an operation. 

Mr. Schumaker had patented several inventions for the paper- 
making industry. A patent for a driving mechanism was granted 
jointly to him and his son, Alan, in January, 1936. He was the author 
of articles in various engineering and papermaking journals and was 
especially interested in metaphysics and philosophy, to which he 
devoted many leisure hours. 

In addition to his A.S.M.E. membership, Mr. Schumaker belonged 
to the Cumberland Institute of Paper Perfection and the Technical 
Association of the Pulp and Paper Industry and was a 32nd degree 
Mason. He had been a member of the A.S.M.E. Boiler Code Com- 
mittee’s Subcommittee on the Care of Power Boilers in Service for 
several years prior to his death. He was chairman of the board of 
aldermen at Westbrook, Me., for a time during the years he was con- 
nected with the S. D. Warren Co. 

He is survived by his widow, Josephine Gary (Sullivan) Schumaker, 
whom he married in 1907; three daughters, Mrs. Byron J. Smith of 
Charlotte, N.C., and Dorothy Gary and Barbara Gary Schumaker, 
both of whom reside in Brookline, Mass.; two sons, Alan Gary Schu- 
maker of Tonawanda, N.Y., and John Staubley Schumaker, Jr., 
of Nyack, N.Y., both engaged in papermaking; and two grandsons. 


JOHN ANDREW SIRNIT (1881-1936) 


John Andrew Sirnit, designing engineer with the Alabama Power 
Company, Birmingham, for more than twenty-two years, died of 
pneumonia on Juue 29, 1936. He is survived by his widow, Emily 
Alexandra (Lambert) Sirnit, whom he married in 1906, a daughter, 
Margaret Alexandra Sirnit, and his mother, Anna Sirnit, who re- 
sides in Latvia. 

Mr. Sirnit was born at Roemerstof, in the former Russian province 
of Livonia (now Latvia) on May 5, 1881, the son of Andrew and Anna 
Sirnit. After completing his high-school course in Riga, he continued 
his studies in Germany at the Polytechnicum Mittweida and was 
graduated in 1904 with degrees in mechanical and electrical engineer- 
ing. He was employed in 1905-1906 by the Allgemeine Elektricitiits- 
Gesellschaft (General Electric Company, Germany) at Riga as arma- 
ture winder, designing draftsman on electrical machinery, and, during 
the last four months, as assistant superintendent of shops in charge of 
production. 

Mr. Sirnit then emigrated to the United States and in January, 
1907, secured a position as armature winder with the Westinghouse 
Electric & Manufacturing Co. at its East Pittsburgh, Pa., plant. He 
was transferred in the fall of the following year to the Switchboard 
Engineering Department, where he was a draftsman, checker, and 
designer of switchboards and power-plant and substation layouts for 
approximately two years and, for an equal period, was in charge of 
all such work. In this latter capacity, he was responsible for the 
switchboard layout for the New York Public Library, the station 
layout for the city of Tacoma, Wash., and numerous other projects. 

Mr. Sirnit began his association with the Alabama Power Company 
in December, 1912, as a designing engineer on the new 90,000-hp 
hydroelectric plant on the Coosa River. This was followed by active 
participation in the design of the 12,000-kva steam-electric plant at 
Gadsden, and substations at Magella, Jackson Shoals, and Anniston, 
together with the 110,000-kva, 44,000-volt transmission lines connect- 
ing them. Since 1914 he had been in responsible charge of many 
electrical and mechanical designs, including the original 25,000-kva 
Warrior River steam-electric plant and a 33,000-kva extension, a 
number of step-up and step-down substations, the Martin Dam and 
the Tallassee hydroelectric stations, and the Lay, Mitchell, and 
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Jordan Dam developments. In a statement concerning his experi- 
ence prepared by Mr. Sirnit in 1935 he recorded having contributed 
to the design of steam plants aggregating 100,000 hp and hydroelec- 
tric plants totaling 470,000 hp. 

His paper, ‘‘New Developments in Hydroelectric Power-Plant 
Design,"’ which was presented at the 1922 Spring Meeting of the 
A.S.M.E., and published in the Transactions for that year, described 
the Mitchell Dam development on the Coosa River. Numerous arti- 
cles by him dealing with central stations and transmission systems of 
the Alabama Power Company appeared in Electrical World and Power. 
A patent covering a penstock gate was issued to Mr. Sirnit in 1925. 

Mr. Sirnit became a naturalized citizen of the United States in 1916. 
He was elected a member of the A.S.M.E. the following year and was 
active in the Birmingham Local Section, serving on its executive com- 
mittee in 1922 and again from 1933 until his death. He was vice- 
chairman of the committee in 1933-1934, chairman in 1934-1935, and 
vice-chairman again in 1935-1936. He was a member of the Ameri- 
can Institute of Electrical Engineers, American Academy of Political 
and Social Science, National Geographic Society, and the Engineers’ 
Club of Birmingham. He had served as a maior in the Engineers 
Officers’ Reserve Corps. 


WALTER SLADER (1872-1936) 


Walter Slader was born on a farm near Acworth, N.H., on April 
28, 1872, the son of Samuel and Ellen (Moore) Slader. He obtained 
his early education in Acworth, then studied at the St. Johnsbury 
(Vt.) Academy, from which he was graduated in 1893, and at Worces- 
ter Polytechnic Institute, where he received an S.B. degree in mechani- 
cal engineering in 1898. From the time of his graduation to 1905 
and from 1909 until his retirement in 1923 on account of ill health, 
Mr. Slader was associated with John A. Stevens (former member 
A.S.M.E.; for memorial see the A.S.M.E. Record and Index, 1929, 
page 360). 

He was employed from 1898 to 1903 by the Merrimack Manu- 
facturing Company, Lowell, Mass., as a draftsman and assistant to 
Mr. Stevens, who was chief engineer of the company. Mr. Slader’s 
work included drafting and designing in connection with the power 
plant department, boiler testing, erection and testing of a 1300-hp 
triple-expansion engine at Lowell and a vertical cross-compound unit 
of the same size at Huntsville, Ala., and designing a series of three 
superheaters for process steam. This last work for the Merrimack 
company naturally led to his engagement, in the latter part of 1903, 
to assist in the design, erection, and testing of steam superheaters. 
Associated in the development of a separately fired superheater were 
Mr. Stevens, Charles 8S. Shepard, president of the Middlesex Machine 
Company, Lowell, and Ernest N. Wright (Mem. A.S.M.E.). Sucha 
superheater (patented by Mr. Stevens in 1904), was known for a time 
as the ‘‘Star’’ and later as the ‘‘American,’’ Stevens, Shepard, and 
Wright having formed the American Steam Superheater Company 
for its development. Several of these superheaters were built and 
put into operation in plants in Massachusetts and New Hampshire, 
including one at the Merrimack Manufacturing Company, one at the 
Massachusetts Institute of Technology, and one at the Nashua 
(N.H.) Light, Heat & Power Co. Mr. Slader was occupied with 
work in this connection until the spring of 1905. 

For four years beginning May 1, 1905, Mr. Slader was an assistant 
to the master mechanic at the Arlington Mills, Lawrence, Mass., 
where he tested engines and turbines, did drafting and designing, and 
supervised changes in connection with the many problems of the 
power plant department. When Mr. Stevens resigned as chief en- 
gineer of the Merrimack company in 1909 to establish his own con- 
sulting engineering practice, Mr. Slader again became associated 
with him. He handled much of the work of the office, of which he 
had charge during the frequent absences of Mr. Stevens, and worked 
on designs and specifications for power plants and their equipment, 
as well as supervising some construction work and making reports on 
power plant conditions. 

Ill health compelled Mr. Slader to retire from active work in 1923 
and he returned to his birthplace. During his remaining years he 
wrote a number of technical articles, a series on ash handling and 
cinder and dust removal in textile mills being published in Textile 
World in 1928 and 1929. Much of his time, however, was given to 
the welfare of the town of Acworth. He served on the library board, 
the school board, was largely responsible for the construction of new 
school buildings, and in many other ways, so far as his strength per- 
mitted, engaged in civic affairs. He was intensely interested in 
collecting data for a supplement to the Acworth Town History. 
Gardening and fishing were his chief pleasures. 

He died on November 26, 1936, at the Rockingham Hospital, 
Bellows Falls, Vt., from peritonitis. 

Unmarried, his closest surviving relatives are three first cousins, 
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Mrs. Nannie (Buswell) Wood and Mrs. Alma (Buswell) Walbridge, 
of Bellows Falls, Vt., and Elmer Buswell, of Alstead, N.H. 
Mr. Slader became a member of the A.S.M.E. in 1915. 


PAUL H. SMITH (1881-1936) 


Paul H. Smith, district sales manager at Detroit, Mich., for the 
Combustion Engineering Company, Inc., of New York, N.Y., since 
1926, died in Detroit on November 23, 1936, after a long illness. He 
was born at Greensburg, Pa., on August 24, 1881, son of Enoch and 
Elizabeth (Helsel) Smith. After preparing for college at the Butler, 
Pa., high school and the Bethlehem Preparatory School he entered 
Lehigh University, from which he was graduated with an E.E. degree 
in 1902. 

Upon graduation, Mr. Smith entered the employ of the Westing- 
house Electric & Manufacturing Co. in its service department and 
was subsequently promoted to the position of district engineer. He 
left in 1909 to become superintendent of the Pittsburgh & Butler 
Street Ry. Co. After two years there he returned to the Westing- 
house Electric & Manufacturing Co., with which he remained, in the 
capacities of service engineer, sales engineer of railway and power 
equipment, and manager of the power division at the Atlanta dis- 
trict office, until 1922. During the next four years, as assistant pur- 
chasing agent for the Brooklyn Edison Company, he was related to 
power station apparatus purchases and was associated with en- 
gineering committees that controlled the design and construction of 
the Hudson Avenue generating station. Mr. Smith joined the Com- 
bustion Engineering Corporation in 1926 as district manager at 
Detroit and held that position when he died. 

He became a member of the A.S.M.E. in 1927 and was secretary of 
the Detroit Section in 1932-1933 and chairman in 1933-1934. His 
widow, Jean D. (Lawall) Smith, whom he married in 1914; a daugh- 
ter, Elizabeth L. Smith; and two sons, Philip H. and Jean Pau! 
Smith, survive him. 


WARREN PHOEBUS SMITH (1895-1936) 


Warren Phoebus Smith, member of the staff of the Policyholders 
Service Bureau of the Metropolitan Life Insurance Company, New 
York, N.Y., died on February 3, 1936. His widow, Daisy E. (Mac- 
Ewen) Smith, whom he married in 1923, and two daughters, Barbara 
Ann and Jane Webster Smith, survive him. 

Mr. Smith was born at New Haven, Conn., on June 22, 1895, son 
of William George and Minnie L. (Roberts) Smith. After gradua- 
tion from the New Haven High School in June, 1913, he worked for a 
year in the shops of the Hall Organ Company, in West Haven, then 
entered the Sheffield Scientific School, Yale University, from which he 
was graduated in 1917 with the degree of Ph.B. 

For the first six months after graduation, Mr. Smith assisted the 
engineers in the power plant of the Sheffield Scientific School in the 
usual summer overhaul of the plant and the erection of a new switch- 
board and turbine. In December, 1917, he was called for duty in the 
Navy, and he served for eighteen months in the engineers division on 
transports and cargo ships as machinist’s mate, machinist, and ensign. 
Upon being released from the service, he took a position for the sum- 
mer of 1919 in the laboratory of the Polytechnic Institute of Brooklyn. 

In August, 1919, Mr. Smith was appointed instructor in mechani- 
cal engineering at the Sheffield Scientific School, where he taught 
classes in several subjects, and had charge of the laboratory work 
connected with them. At the same time he took postgraduate work, 
receiving an M.E. degree in 1925. He was also elected to member- 
ship in Sigma Xi in that year. 

Mr. Smith left Yale in 1926 to take a position with the Seamless 
Rubber Company, Inc., New Haven, and remained with this com- 
pany for four years, serving successively as assistant mechanical 
superintendent, maintenance engineer, and mechanical superintend- 
ent. In addition to supervising the power plant, power services 
throughout the factory, and maintenance and repair work, he did 
research work in connection with special manufacturing problems. 
Mr. Smith also was instructor in mechanical drawing at New Haven 
College and the Ansonia, Conn., Y.M.C.A. between 1924 and 1930. 
He joined the Policyholders Service Bureau of the Mertopolitan Life 
Insurance Company in 1930. During this association he was en- 
gaged in consulting and advisory work for group insurance policy- 
holders in the fields of production and engineering. This involved a 
ae range of activities in the fields for which his background fitted 

m. 

Mr. Smith became a student member of the A.S.M.E. in 1917, a 
junior member in 1920, and an associate-member in 1925, and was 
automatically transferred to full membership in 1935. He was a 
member of the Job Shop Committee of the Management Division in 
1935. An article entitled “High Back-Pressure Turbine Aids Power 
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Service Economy in Rubber Manufacture’ was published in Power 
in 1928 and this was followed in 1930 by another, ‘‘Refrigeration 
Speeds Production.” 


SALVATORE PAUL SPINOSA (1913-1936) 


Salvatore Paul Spinosa died on May 6, 1936, following an operation 
for appendicitis. He was born in New York, N.Y., on December 6, 
1913, son of Alfred and Emily (Versaci) Spinosa. His parents and a 
brother, John, survive him. 

He prepared for college at the DeWitt Clinton High School, New 
York, and then entered New York University, from which he was 
graduated in 1934 with the degree of B.S. in mechanical engineering. 
Following his graduation he was employed by the Chrysler Corpora- 
tion in connection with its air-conditioning products and subsequently 
was engaged by Gar Wood Industries, Inc., at Long Island City, also 
in air-conditioning work. 

While at New York University Mr. Spinosa became a student mem- 
ber of the A.S.M.E. and in 1934 was transferred to the junior grade. 
He was also elected to membership in the Alpha Phi Delta fraternity. 


RALPH SPRADO (1865-1933) 


Ralph Sprado was born at Hamburg, Germany, on November 3, 
1865. He was educated in his native land, graduating with honors 
from the technical college at Buxtehude in 1890; he had several years’ 
practical shop experience before entering college. 

In both Germany and the United States, Mr. Sprado was a de- 
signer of machinery and, in 1899, according to his application for 
membership in the A.S.M.E., was employed by Fraser & Chalmers, 
Chicago, Ill., as a mechanical engineer. He subsequently went to 
Australia and was associated with Knox, Schlapp & Co., and Fraser 
& Chalmers, Ltd., both of which were located at Melbourne. Follow- 
ing his return to the United States he was engineer at the Allis- 
Chalmers Company in Chicago until about 1904, when he became 
chief engineer for the Lake Shore Engine Works, Marquette, Mich. 
This employment was followed by three years of consulting engineer- 
ing in Chicago, with the firm of Chalmers and Williams and also on 
his own account. From 1907 to 1909, Mr. Sprado was sales manager 
for the Bates Machine Company, builder of heavy-duty Corliss en- 
gines at Joliet, Ill. He then accepted the position of chief engineer 
with the George E. Dow Pumping Engine Co., San Francisco, Calif., 
and remained with its successor, Dow Pump «& Diesel Engine Co., 
Alameda, Calif., until 1915. At that time, he formed his own con- 
sulting engineering organization, Sprado Engineering Company, 
Los Angeles, Calif., and was actively engaged in business until his 
death in that city on March 1, 1933. 

Mr. Sprado became a member of the A.S.M.E. in 1900, and also 
belonged to the Masonic fraternity. Surviving him are his widow, 
Anna B. Sprado, and three children, Hugh Randolph Sprado, radio 
engineer, Honolulu, T.H., George Burton Sprado, aviator, Holly- 
wood, and Margaret E. (Sprado) Schlichtmann, Oakland, Calif. 


WILLIAM CORBIT SPRUANCE (1873-1935) 


The board of directors of E. I. du Pont de Nemours & Co. adopted 
the following resolutions on the death of William Corbit Spruance, 
vice-president and director. 

‘*Mr. Spruance was born in Wilmington, Del., on September 26, 
1873, and died or January 9, 1935. He had a notable career as an 
engineer, a business executive, and in public affairs. 

“Graduating from Princeton University in 1894 and obtaining the 
degree of Electrical Engineer in 1895, Mr. Spruance was a shop stu- 
dent with the Westinghouse Electric & Manufacturing Co. in 1896, 
assistant engineer, Wilmington City Electric Company, 1897, man- 
ager, Cellulose Products Company, 1900, and consulting engineer, 1901. 

“In 1903, Mr, Spruance entered the employ of the du Pont Company 
in its Light, Heat and Power Department. In 1911 he was promoted 
to the position of assistant to the director of the High Explosives 
Operation Department, and in 1915 was made assistant director of 
that department. In 1917 he was the director of that department 
until December, when he was granted leave of absence to enter the 
military service, being commissioned as major in the Ordnance Re- 
serve Corps with duty in Washington. In January, 1918, he was 
promoted to the rank of lieutenant-colonel and in October was made a 
colonel of the Ordnance Department and chief of the Explosives and 
Loading Division. He was also a member of the Commodity Sec- 
tion on Explosives of the War Industries Board and a member of the 
Committee on Explosives Investigation of the National Research 
Council. 

‘*Mr. Spruance returned to the employ of the du Pont Company in 
April, 1919. He was then elected a director and vice-president of the 
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company and member of its Executive Committee and also placed in 
charge of its Production Department. In 1921, under the reorganiza- 
tion plan, he became the Executive Committee Adviser on production 
and service. In 1921 he was made chairman of the ‘A’ Bonus Com- 
mittee and in 1925 member of the Board of Benefits and Pensions, 
performing all of these duties until his retirement on July 1, 1931. 

‘In addition to his notable service in the du Pont Company, Mr. 
Spruance occupied important positions with its allied and subsidiary 
companies. He was chairman of the board of the du Pont Rayon 
Company from 1920 to 1929; chairman of the board of the du Pont 
Cellophane Co., Inc., 1923 to 1929; director of the du Pont Viscoloid 
Company, 1925 to 1929; director of the du Pont Ammonia Corpora- 
tion, 1928 to 1931; and director of the National Ammonia Company, 
1929 to 1931. 

“Mr. Spruance rendered conspicuous service to his country during 
the World War, when his knowledge of explosives and his experience 
with this company enabled him to perform outstanding work in the 
Ordnance Department in Washington, for which he received the Dis- 
tinguished Service Medal in 1919. 

‘‘Mr. Spruance was deeply interested in his Alma Mater, Princeton 
University, and especially in its Engineering School. He took an 
active part in the expansion of its engineering courses and in improve- 
ments of method and technique of engineering training. He was a 
former president of the Princeton Engineering Association. 

“Mr. Spruance was a trustee of the Wilmington Savings Fund So- 
ciety and a member of many technical societies, associations and 
clubs. 

“Mr. Spruance was a man of outstanding personality, conspicuous 
in his ability to analyze and comprehend a problem. His judicial 
mind and temperament enabled him to decide fairly and wisely the 
many questions which were brought to him in his executive and ad- 
visory capacities. Those who consulted him never failed to obtain 
sympathetic and wise counsel.”’ 

Resolutions adopted by the boards of directors of the du Pont 
Rayon Company and of the du Pont Cellophane Company, Inc., 
stated, in part, 

‘‘An outstanding engineer and industrialist, who served his country 
in the World War as a leading officer in the Ordnance Department 
with duty in Washington, Mr. Spruance participated in a very im- 
portant manner in the investigation and decision by our parent com- 
pany, E. I. du Pont de Nemours & Co. in the commercial manufac- 
ture and sale of viscose products in the United States, bothin the form 
of artificial silks or rayons, and Cellophane. Upon the formation 
of the du Pont Fibersilk Company, Mr. Spruance was elected chair- 
man of the board of directors in 1920 and served continuously in that 
capacity until his retirement in 1929; similarly, when the du Pont 
Cellophane Company, Inc., was formed in 1923, he was elected chair- 
man of the board of directors and continued uninterruptedly in that 
office until 1929. 

“His confidence in the merits and applicability of viscose to the 
textile and other industries, and his broad-minded, clear and ac- 
curate vision, his decision and his courage have all contributed in no 
small measure to the success of our companies from the day of their 
inception. 

‘His understanding, his influence, his accomplishments during his 
full and active life cannot help but inspire, for many years to come, 
those who follow. To this end, the naming of the Viscose Rayon 
Plant, as well as the Cellophane Plant, at Richmond, Va., as the 
Spruance Plants in 1930, was especially appropriate and wise.” 

It was also written of him: ‘‘All friends and associates of Colonel 
Spruance could not fail but realize and appreciate how many times he 
unobtrusively went out of his way to render a service to an acquaint- 
ance, often without the recipient of such service knowing who had so 
aided him,” 

To these records may be added a few facts taken from other sources. 
Mr. Spruance was the son of Judge William Corbit Spruance and 
Maria Louisa (Spotswood) Spruance. He was graduated from Friends 
School, Wilmington, in 1890, and studied civil engineering during his 
first three years at Princeton. He served as an associate member of 
the Naval Consulting Board and as a member of the board of direc- 
tors of the Organization for Industrial Preparedness, State of Dela- 
ware, in 1916-1917. 

Mr. Spruance became a member of the A.S.M.E. in 1906. He was 
a member of the American Institute of Electrical Engineers, American 
Institute of Mining and Metallurgical Engineers, The Franklin In- 
stitute, the Swedish Colonial Society, the Society of Colonial Wars, 
and the Army Ordnance Association, as well as of a number of clubs 
in Wilmington and Washington. 

In 1907, Mr. Spruance married Alice Moore Lea, daughter of 
former Governor Lea, of Delaware. He is survived by her and by 
three children, Preston Lea, Louisa Spotswood, and William Willing 
Spruance. 


Agee 
» 
~ 
} 


SOCIETY RECORDS 


FRANCIS ERNEST STOWE (1867-1936) 


Lieut-Col. Francis Ernest Stowe, V.D., a consulting engineer and 
architect of Sydney, New South Wales, Australia, died at the Ma- 
sonic Hospital in Ashfield, Sydney, on July 18, 1936, from heart 
failure. 

Mr. Stowe was born in Sligo, Ireland, on March 17, 1867, son of 
Thomas and Emma (Smith) Stowe. He was educated in the public 
schools of London, England, and Balmain, a suburb of Sydney, and 
followed this with a ten-year apprenticeship in millwright engineering 
and architecture. 

Upon completing his apprenticeship, Mr. Stowe engaged in archi- 
tectural design and construction of houses, factories, and public 
buildings in New South Wales. His work as an engineer included the 
invention in 1902 of the Balmain electric tramway counterbalance 
scheme which was installed for the New South Wales government on 
the Darling Street wharf at Sydney. Between 1907 and 1909 he 
designed and supervised the construction of a municipal street-rail- 
way system at Rockhampton, Queensland, at a cost of about $120,- 
000, and subsequently surveyed and determined routes for streetcar 
lines at Toowoomba, Queensland. He was engaged in designing 
sugar mills, wool presses, and plants for Australian companies in 1910 
and 1911, and between 1914 and 1920 designed and supervised the 
construction of a coal-handling plant at Balls Head in Sydney harbor 
for the Union Steamship Company. He continued in private prac- 
tice as an architect and consulting engineer until his death. 

Mr. Stowe had received patents on a frogless railroad crossing, a 
balanced window, a bicycle seat, a silent cistern valve, a rubber pre- 
servative, and other devices. He also was the author of a number of 
original papers on a variety of topics. He received an honors grade 
certificate in mechanical engineering from the City and Guilds of 
London in 1904. 

Mr. Stowe joined the New South Wales Lancers in 1899 and was 
promoted to second lieutenant the following year. He was trans- 
ferred to the First Australian Light Horse Regiment in 1903 and pro- 
moted to lieutenatit in 1905, captain in 1910, and major in 1912. 
He was transferred to the retired list as honorary lieutenant-colonel 
in 1921. 

Mr. Stowe became a member of the A.S.M.E. in 1922 and also be- 
longed to The Institution of Engineers, Australia, and Engineer Sur- 
veyors’ Association of Australasia. He was a member of the Board 
of Architects of New South Wales, an honorary member of the In- 
stitute of Marine and Power Engineers, and life governor and honorary 
consulting engineer of the Benevolent Society of New South Wales. 
He was a Royal Arch Mason and had held several offices in the fra- 
ternity. He designed the Masonic School at Baulkham Hills, 
N.S.W., and the Masonic Temple at Glen Innes, N.S.W., the Masonic 
Temple at Ashfield, where he died, the North Sydney Temple, and 
the Temple at Newtown, Sydney. 

Mr. Stowe was also engaged in educational work for many years. 
He began lecturing in the engineering and architectural department 
of the Sydney Technical College in 1889 and was principal of the 
Sydney Marine and General Engineers’ College, which he founded in 
1902. 

Mr. Stowe's widow, Margaret (Lyon) Stowe, died on April 9, 1937. 
They are survived by three daughters, Winifred Stowe, who resides 
at Crescent Farm, Windsor, N.S.W., Bessie Stowe of Long Nose 
Point, Balmain, and Mrs. Nesta (Stowe) Gribbell of Naremburn, 
Sydney. 


AMBROSE SWASEY (1846-1937) 


Ambrose Swasey was born at Exeter, N.H., December 19, 1846, 
the ninth of the ten children of Nathaniel and Abigail Peavey Swasey. 
His father was a competent farmer, with mechanical skill, an alert 
mind, and an interest in history and astronomy. The family was of 
good old New England stock, descended from John Swasey, who came 
from England to Salem in 1630. 

All of Ambrose Swasey’s brothers and sisters attended academies or 
colleges. His father intended to send him also, but he chose instead 
to learn the machinist’s trade, and in 1865 entered on a three-year 
apprenticeship in the Exeter Machine Works, where George B. Bray- 
ton’s engines and boilers were being built. 

The next year, 1866, Worcester R. Warner was transferred to the 
Exeter shop from Boston, where he had learned mechanical drawing 
in Brayton’s office. The two boys were the same age and there sprang 
up between them a friendship which lasted throughout life, and the 
names Warner «& Swasey have become almost welded into one in 
engineering history. 

After completing his apprenticeship, Swasey worked for a short 
time at the Grant Locomotive Works, at Paterson, N.J., but he re- 
turned to Exeter, and in 1869 he and Warner went to Hartford. 
They worked for a week in an engine-building shop, but. were dissatis- 


RI-83 


fied with it and a week later they went to Pratt & Whitney’s which, 
though started only nine years before, already had a wide reputation 
and was growing rapidly. They started in as journeymen mechanics, 
but rose rapidly. Swasey soon established a reputation for accurate 
workmanship and ability to solve complex mechanical problems, and 
was made head of the gear department. He developed a new process 
for generating spur-gear teeth which was later the subject of a paper 
read before the A.S.M.E. at its annual meeting in 1890. 

Warner became head of the planing department and then of the 
manufacturing division and was in charge of the company’s exhibit 
at the Centennial Exhibition at Philadelphia in 1876. 

They were with Pratt & Whitney eleven years, during which time . 
they established reputations such that, when the A.S.M.E. was 
proposed, they were among those invited to join. Neither could be 
present at the organization meeting but letters were read expressing 
their approval and they joined it as founders. Mr. Swasey was the 
last survivor but one, John S. Coon, of these charter members. Mr. 
Coon died on May 16, 1938. 

In 1879 Mr. Swasey was invited to succeed John E. Sweet as pro- 
fessor of practical mechanics at Cornell, but he and Warner were 
already planning to start a tool-building plant in the Midwest. They 
established the firm of Warner & Swasey in the spring of 1880, each 
putting $5000 into the enterprise; they began in Chicago but a year 
later moved to Cleveland and built a shop on part of the ground now 
occupied by the enlarged plant of the company. 

Their first order was for twelve hand lathes. Turret lathes followed 
and they have built this type of tool ever since. At various times 
they built speed lathes, die-sinking machines, horizontal boring mills, 
and hand gear cutters but the company now concentrates its tool 
building on hand-operated turret lathes, and in this field has a 
world-wide reputation. 

The building of astronomical instruments was not in their original 
plan, but Mr. Warner's taste for astronomy and Mr. Swasey’s skill 
in delicate and intricate mechanical problems led them early into this 
work. They built a 9! »-inch refractory telescope with an improved 
type of mounting which they sold to Beloit College. A year later, 
in 1882, they constructed a 45-foot dome for the University of Vir- 
ginia. In 1886 the trustees of the Lick Observatory called for de- 
signs for the great 36-inch refractor, the first to be equipped for both 
visual and photographic work and the first to be equipped with a 
rising floor. Warner & Swasey submitted a design, and although the 
highest bidders, they were awarded the contract. The instrument 
was built and installed under Mr. Swasey’s personal supervision on the 
top of Mt. Hamilton, 4200 feet above sea level, being ‘‘transported in 
sections over a newly made mountain road, sometimes in a driving 
snowstorm with the wind blowing sixty to eighty miles an hour.”’ 

This was followed by other great mountings for the U.S. Naval 
Observatory, the 40-inch Yerkes telescope which is the largest re- 
fractor ever built, the 72-inch reflector for Canada, the 60-inch re- 
flector at Cordoba in Argentina, and the 82-inch reflector at Mt. 
Locke, Texas, finished at the time of Mr. Swasey’s eighty-ninth 
birthday in 1935. Meanwhile, they built meridian circles, transits, 
range finders, prismatic binoculars, etc. 

In connection with the astronomical work Mr. Swasey designed and 
built a dividing engine capable of dividing a circle 40 inches in di- 
ameter with an error of less than one second of are. The graduations on 
the inlaid silver band are so fine that although they can scarcely be 
seen with the naked eye the width of each line is twelve times the 
maximum error in graduation. The main spindle is 4 inches in di- 
ameter and 25 inches long with a taper of ° sinch to the foot. The 
fit in its bearing is so close that a longitudinal adjustment of one thou- 
sandth of an inch makes the difference between its being too tight and 
too free. Mr. Swasey considered this the finest piece of mechanism 
he ever built. 

Although Warner & Swasey have a world-wide reputation as tele- 
scope builders they are, and always have been, primarily, tool build- 
ers. They were not the first to build tools in the Middle West but 
they were the first to produce work comparable in quality with that 
of the best shops in the East. While Mr. Swasey withdrew from con- 
trol of the business in his later years he maintained a close contact 
with its affairs and was chairman of the board at the time of his death. 

On May 21, 1937, he was taken ill in Cleveland and rapidly became 
worse. At his request he was taken to his old home in Exeter where 
he died, June 15, 1937, in his ninety-first year. In 1871 he married 
Lavinia Dearborn Marston, who died in 1913. No children survived 
him. 

It is impossible here to give little more than an outline of Mr. Swa- 
sey’s long services and many honors. He was one of the founders of 
the A.S.M.E. and its president in 1904. He was influential in broad- 
ening the work of the Society into the fields of research and standard- 
ization. His interest centered on this problem for years and ran 
beyond the boundaries of mechanical engineering. 
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As the result of a gift by him of $200,000 in 1914, The Engineering 
Foundation was founded for ‘‘the furtherance of research in science 
and engineering, and the advancement in any other manner of the 
profession of engineering and the good of mankind.” To this original 
gift Mr. Swasey added others until the total at the time of his death 
had reached $839,000. 

His interest in engineering, education, and religion was literally 
world-wide. His other gifts, to name only some of those which are 
known, represent such far-flung interests as the National Research 
Council in Washington, Case School of Applied Science, Denison 
University, Colgate-Rochester Divinity School, Canton Christian 
College and University of Nanking, China, and his own native town 
of Exeter. No one will ever know how much he gave privately. 

His position in the scientifi¢e world brought him degrees from Case 
School of Applied Science, Denison University, University of Pennsyl- 
vania, Brown University, University of California, University of 
Rochester, and University of New Hampshire. 

He was an honorary member of the A.S.C.E., A.S.M.E., and 
A.I.E.E. and recipient of the John Fritz Medal and many others. 
In 1936, in his ninetieth year, he was present at the Annual Dinner 
of the A.S.M.E. to receive the Hoover Medal ‘‘for distinguished public 
service.’’ He was a member of many scientific and engineering socie- 
ties of England and France and an officer of the Legion of Honor. 
He was a director of various financial institutions, a trustee of four 
universities, and the foremost layman of the Baptist Church. 

Few men have received more honors or been less spoiled by them, 
for a deep and sincere religious life gave him a true sense of propor- 
tion. Old age only mellowed him. His personal charm and interest 
in life were undimmed at ninety. 

He was a man of many friends. Of these Worcester Warner proba- 
bly had most influence on his life. Another close friend was John 
Brashear. His skill as a lens maker supplemented that of Warner 
and Swasey as builders of mountings to make a combination unsur- 
passed in the history of instrument building. ‘‘Uncle John’’ and 
Swasey were singularly alike in their simplicity and charm, their deep 
religious feeling, and capacity for friendship. James Hartness, also 
lover of the stars, although a lifelong competitor in business, was 
another kindred spirit, and Swasey was one of the few whom Hartness 
wished to see in his last days at Springfield. John R. Freeman was 
another. He and Brashear and Swasey made a trip together to the 
Orient to attend the dedication of the science building which Swasey 
gave to the University of Nanking. Each of these men was a presi- 
dent of the Society. Swasey’s friendships went everywhere and his 
memory will live on ‘‘without visible symbol, woven into the stuff of 
other men’s lives.”’ 

As an engineer Ambrose Swasey was outstanding among the greet 
mechanics produced by New England who have given American tool 
building its world leadership. As a scientist he advanced the art of 
precise measurement and his work enabled astronomers to carry their 
science to new discoveries. As an industrial leader he was one of 
those who show that our present economic system, administered in 
his spirit, can serve the best interests of all. 

There was something about him for which men do not give degrees 
or honors. To those who knew him the finest thing about Ambrose 
Swasey was the man himself.——[{Memorial prepared by Dexter S. 
KIMBALL, Fellow and Past-President, A.S.M.E., Ithaca, N.Y., and 
JosepH W. Ror, Mem. A.S.M.E., Southport, Conn. 
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ROBERT HENRY THORPE (1860-1937) 


Robert Henry Thorpe, whose death occurred on March 29, 1937, 
was born at Walesby near Market Rasen, Lincolnshire, England, on 
November 20, 1860. At the age of sixteen he entered the factory of 
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James Simpson & Co., manufacturers of pumping engines, London, 
but after a short time there left to become a student at the Institution 
of Civil Engineers and a pupil of Sir Joseph Bazalgette, then chief 
engineer of the municipal government of Greater London. After 
three or four years of this experience, he came to the United States, 
in 1881, and spent some time as assistant engineer in construction 
work for the West Shore Railway and as draftsman for the Depart- 
ment of Public Works, New York. 

He returned to England in 1883, and for the next two years was en- 
gaged in the manufacture of printing machinery in London. In 
1885, he joined the staff of the Worthington company in London, and 
in the following year went to Manchester and opened an office there 
as agent for Worthington and the American Elevator Company. At 
the end of 1886, he was invited to go to London and join the American 
Elevator Company (the London subsidiary of Otis Brothers & Co.) 
as secretary. Later, when Otis Elevator Company Limited was 
formed, he became a director. 

During the period of his association as secretary with the American 
Elevator Company, Mr. Thorpe was also responsible for the technical 
side of the business. In about 1891, the Glasgow Harbor Tunnel 
elevators, at that time the largest elevators in Europe, were installed. 
The layout for this installation was made under his immediate per- 
sonal direction. 

In 1893 he came to the United States and from that time until 1904 
was associated with the Otis Elevator Company here. While serving 
as manager of engineering construction he installed some of the first 
high-pressure hydraulic passenger elevators used in the United States. 
He was awarded a diploma of honorable mention for his work in con- 
nection with the exhibit of the company at the Columbian Exposition 
in 1893. In 1896 he was appointed consulting adviser to the company 
and about the same time became a member of the firm of Thorpe, 
Platt & Co., New York, which was interested in the Thornycroft 
boiler and the introduction of motor trucks as well as in general engi- 
neering problems. 

Returning to England in 1904, Mr. Thorpe took charge of the in- 
stallation of the big Otis elevators for the Underground Railways of 
London. Ata later period he conducted the negotiations leading up 
to the installation of the extensive equipment of Otis escalators now 
serving the stations of the London Underground Railways. He was 
elected a vice-president of the Otis Elevator Company in 1923 and was 
for many years a director of Waygood-Otis Limited. 

Mr. Thorpe became a member of the A.S.M.E. in 1897. He was 
also a member of the Institution of Civil Engineers and of the Smea- 
tonian Society of Civil Engineers.—[Memorial prepared with the as- 
sistance of Mr. Thorpe’s son, J. H. THorpe, of London. 


ALEXIS PETER TSVETKOFF (1896-1937) 


Alexis Peter Tsvetkoff was born at Kostroma, Russia, on September 
21, 1896. He was a graduate of Russian military schools, including 
the Academy of the General Staff and the artillery school at St. Peters- 
burg (Petrograd). He was in the Imperial Russian Army during the 
revolution, and later fought in the Kolchak White Army, with the 
rank of colonel. 

Following his escape from Russia he worked for a time as assistant 
foreman of the machine shop for the British American Tobacco Com- 
pany, at Moukden, China. He came to the United States in 1923, 
and entered the University of California, at Berkeley, in 1924, in the 
Department of Mechanical Engineering. He was graduated in 1928 
with a B.S. degree. He worked as a draftsman for the Steel Tank & 
Pipe Co., Berkeley, during the summer of 1927. 

Subsequent to his graduation Mr. Tsvetkoff was employed as a 
draftsman with the Hall-Scott Motor Car Company, 1928-1929, and 
with the Byron Jackson Pump Company, Berkeley, for several years 
after that, helping to design high-pressure and hot-oil pumps, and 
geared heads for deep-well pumps. For the last two years before his 
death he was connected with The Merrill Company, mining equip- 
ment engineers, San Francisco, as export manager. 

Mr. Tsvetkoff had been in poor health for several years. He died 
on August 3, 1937, in New York, N.Y., where he had gone in the hope 
that a rest and a complete change might help him. He is survived by 
his widow, M. N. Tsvetkoff, of San Francisco. 

Mr. Tsvetkoff became a junior member of the A.S.M.E. in 1928, 
was promoted to the grade of associate-member in 1933, and auto- 
matically transferred to full membership in 1935. 


JOHN NICHOLAS VROOMAN VEDDER (1873-1936) 


John Nicholas Vrooman Vedder, whose death occurred at his home 
in Schenectady, N.Y., on December 26, 1936, from coronary throm- 
bosis, was born at Niskayuna, N.Y., on November 28, 1873. He was 
the son of Abram Lansing and Mary (Vrooman) Vedder, both of 
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whom were descended from the original Dutch settlers of the Mohawk 
Valley. 

He prepared for college at Union Classical Institute and then en- 
tered Union College, where he received the degree of A.B. in 1895 and 
an A.M. degree in 1897. Following his graduation, he taught in 
various high schools of New York State until 1906, with the excep- 
tion of the years 1903-1904, when he took postgraduate work in 
mathematics and mechanics at Columbia University. 

In 1906, Mr. Vedder became a surveyor for the New York Suburban 
Land Company, New York, N.Y., and in 1907-1908 was privately 
employed to investigate the possibilities of a water-power develop- 
ment at Schenectady. He worked in the Calculating Department of 
the American Locomotive Company the following year. 

In 1910, Mr. Vedder took the position of research assistant in the 
Department of Electrical Engineering at the University of Illinois, 
Urbana, where he taught thermodynamics and was in charge of the 
steam laboratory. He conducted a series of tests on compressed-air 
reheaters and the efficiency of reheated compressed air and air-steam 
mixtures. He returned to Union College in 1914 as assistant pro- 
fessor of thermodynamics and was promoted to the associate profes- 
sorship four years later. He was appointed professor of mechanics 
and thermodynamics in 1931. 

Professor Vedder was especially interested in the classics and in 
philosophy and had written numerous articles on education, human- 
ism, and romanticism. 

President Fox, of Union College, paid the following tribute to Pro- 
fessor Vedder: 

“The death of Professor John Nicholas Vedder removes from Union 
College a devoted scholar and a teacher of most attractive personality 
whose continued service was counted upon for many years to come. 
From his chair of thermodynamics he not only clarified his science to a 
long succession of students but constantly stimulated their interest in 
philosophy and literature. He finely illustrated an ideal too seldom 
realized in our modern world of academic specialization—the broadly 
cultivated gentleman ab'~ to present one branch of learning against 
the background of many >thers.”’ 

Professor Vedder became a member of the A.S.M.E. in 1914 and 
also belonged to the Fh‘ Beta Kappa and Sigma Xi fraternities and 
to the American Mathematical Society, Mathematical Association of 
America, Society for the Promotion of Engineering Education, Ameri- 
can Association for the Advancement of Science, and the Sons of the 
American Revolution. 

Professor Vedder is survived by his widow, Harriet (Booth) Vedder, 
whom he married in 1927. 


FRANK LAWTON OLCOTT WADSWORTH (1867-1936) 


Frank Lawton Olcott Wadsworth, whose death occurred on April 
11, 1936, was born at Wellington, Ohio, on October 21, 1867, his 
parents being Francis Sage and Sarah A. (Leonard) Wadsworth. 
While attending the Wellington High School he secured practical ex- 
perience in his father’s shops. In 1884 he entered The Ohio State 
University, where he received the degrees of E.M. (Engineer of Mines) 
in 1888 and M.E. and B.Sc. in physies and electrical engineering in 
1889. Following his graduation in 1888 he served as an assistant in 
the Department of Physics at The Ohio State University and was 
employed on the construction of equipment for the new Electrical 
Engineering Laboratory then being built. 

In 1889-1890 he was a Fellow in the Department of Physics at 
Clark University, Worcester, Mass., and during the next two years 
was an assistant in physics there. During these three years he also 
did drafting for the Schlesinger Electric Coal Mining Machine Com- 
pany, of Worcester. At the university he was associated with Pro- 
fessor A. A. Michelson in the study of visibility curves and their ap- 
plications, which led to an invitation extended to Professor Michelson 
by the International Bureau of Weights and Measures at Paris to 
undertake the comparison of a light wave with the prototype of the 
standard meter at Breteuil. In the report of the president of Clark 
University, April, 1893, is found the following reference to Mr. Wads- 
worth’s part in this undertaking: ‘‘The instruments necessary for 
this work were constructed partly in the University workshop, under 
the direct supervision of Mr. F. L. O. Wadsworth, assistant in phys- 
ics, to whose ingenuity and untiring energy is chiefly due their suc- 
cessful completion.’”” Mr. Wadsworth was temporarily appointed as 
an assistant in the Astrophysical Observatory of the Smithsonian 
Institution in June, 1892, and was sent to France to assist Professor 
Michelson in his work on the standard meter. Upon his return he 
was appointed senior assistant in charge of the Observatory under the 
direction of Dr. 8S. P. Langley and he continued in that capacity until 
his resignation on June 1, 1894. During this period he made a second 
visit to France in connection with the meter research. 

Mr. Wadsworth was assistant professor of physics at the Univer- 
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sity of Chicago from 1894 to 1896; assistant professor of astrophysics 
for the next two years; and was promoted to associate professor of 
astrophysics in 1898. He wasin charge of the instrument shop where 
special apparatus needed for researches was manufactured, and also 
in charge of the mechanicians employed at the instrument shops at 
the university’s Yerkes Observatory, Williams Bay, Wis. He re- 
signed from the university in February, 1899, to engage in special en- 
gineering work at Pittsburgh, Pa., for the Hale Elevator Company, 
Union Bag & Paper Co., United States Glass Company, John A. 
Brashear Co., and other firms. 

At the beginning of 1900 Professor Wadsworth took up the duties 
of director of the old Allegheny Observatory, relieving Dr. Brashear, 
who had been serving as acting director since the resignation of the 
previous director in May, 1898. Dr. Brashear, chairman of the Alle- 
gheny Observatory Committee of the University of Pittsburgh, was 
engaged in securing subscriptions for a new observatory, the ‘‘cor- 
nerstone”’ for which was laid in October, 1900. Professor Wadsworth 
contributed many valuable ideas to the new observatory but resigned 
his directorship in 1905 before it was completed. 

During part of these years at the observatory Professor Wadsworth 
served as consulting engineer for the John A. Brashear Co. Late in 
1902 he also became a member of the Board of Directors of the Pressed 
Prism Plate Glass Company, of Chicago, and continued on the board 
until October 1, 1913. He was general manager of the company and 
directed its factory operations at Morgantown, W.Va., from February 
1, 1904, to August 1, 1905. After his resignation from this position 
and from the observatory, he was chief engineer of the American 
Window Glass Company, Pittsburgh, until 1918, when he took up 
consulting engineering and scientific research, in which he continued 
until his death. 

He was president of the Miller Non-Corrosive Metal Company, of 
Pittsburgh, for many years. 

More than one hundred papers and reports written by Mr. Wads- 
worth have been published in scientific publications and the proceed- 
ings of various technical societies in this and other countries, and ar- 
ticles on economic subjects also came from his pen. He was associ- 
ated with Joseph Sweetman Ames in the preparation of ‘‘Harper’s 
Scientific Memoirs”’ in 1897 and 1898 and was assistant editor of the 
Astrophysical Journal from 1896 to 1912. 

Patents covering some two hundred and fifty inventions relating 
to engineering and scientific instruments and numerous mechanisms 
and devices used in the glass, steel, copper, machine-tool, wire-work- 
ing, coal-mining, baking, and automotive industries were granted to 
him, and he was also the originator and designer of the vertical- 
tower telescope, the curved-plate camera, and other novel forms of 
physical and astrophysical instruments, as well as the hexaplex sys- 
tem of golf course design. He testified as a technical expert in more 
than two hundred patent suits in courts of the United States and 
Canada. 

Mr. Wadsworth had been a member of the A.S.M.E. since 1903. 
In addition, he was a Fellow of the American Association for the Ad- 
vancement of Science, an honorary member of Sociedad Astronomico 
de Mexico, a foreign member of Societa Italiana di Spettroscop, and a 
member of the American Physical Society, American Astronomical So- 
ciety, Society of Western Pennsylvania, Washington Academy of 
Sciences, American Electrochemical Society, Society for the Promo- 
tion of Engineering Education, The Franklin Institute, National 
Economic League, Inventors Guild, and the Sigma Xi and Phi Beta 
Kappa fraternities. 

He married Laura Poole in 1893 and is survived by his second wife, 
Mildred (Schinneller) Wadsworth, whom he married in 1914, and by 
three daughters of his first marriage, Laura Ann (Mrs. Ben S.) Thomp- 
son, Zoé, and Elizabeth (Mrs. H. F) Shattuck. 


GEORGE REED WADSWORTH (1875-1937) 


George Reed Wadsworth was born in Keene, N.H., on August 22, 
1875, the son of Samuel Wadsworth and Ella (Reed) Wadsworth. 
He attended the public schools of Keene, prior to entering the Massa- 
chusetts Institute of Technology, from which he was graduated with 
the degree of bachelor of science in 1898. He was a leader in under- 
graduate activities, and at graduation he was first marshal of his 
class, the highest elective honor. 

Immediately after his graduation Mr. Wadsworth joined the Engi- 
neering Department of the New York Central Raiiroad Company. 
He was promoted rapidly from transitman to assistant supervisor of 
track. In 1899 he was given charge of yards and engine-house lay- 
outs, and bridge masonry and renewals, and two years later became 
resident engineer at Albany, N.Y., in responsible charge of contract 
work, substructure renewal of the freight bridge across the Hudson 
River, the passenger station at Troy, N.Y., and car shops at West 
Albany, N.Y He was transferred to New York, N.Y., in 1902, and 
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for about a year was in charge of designs and estimates for the Grand 
Central Station. He was then appointed assistant engineer on ter- 
minal improvements in that city, in charge of the Port Morris depres- 
sion, including a 500-ft double-track rock tunnel; 1500 ft of double- 
track concrete arch-roof subway; the Marble Hill cutoff; and de- 
signs for four-tracking the electrification zone. During the early 
part of 1905, he was resident engineer in the Hudson District. in 
charge of the contract work on terminal improvements from Mott 
Haven, New York, to Croton-on-Hudson, N.Y. 

In May, 1905, he joined the Construction Department of J. G. 
White & Co., Inc., New York, and for two years was engaged in steam 
and electric railroad construction, irrigation projects, wharves, dams, 
etc. 

In December, 1907, Mr. Wadsworth became consulting engineer 
to the Metropolitan Improvement Commission, Boston, Mass. He 
prepared a survey which was embodied in the commission’s report to 
the Commonwealth of Massachusetts, covering the proposed com- 
plete unification and operation under joint control of all passenger and 
freight steam-railroad properties and facilities within the Boston 
Terminal District. He also made a report on the proposed develop- 
ment of Boston Harbor to provide additional water-front facilities. 

In June, 1909, Mr. Wadsworth joined the East Boston Company, as 
engineer in charge of the preparation of plans and estimates for pro- 
posed docks, wharves, railroads, etc., along the water front of East 
Boston. From June, 1910, to July, 1913, he was in charge of the de- 
sign of Peerless automobiles, as engineering manager and chief engi- 
neer of the Peeriess Motor Car Company, in Cleveland, Ohio. In 
1913, he joined the firm of Gray & Davis, Ine. of Boston, which manu- 
factured automobile starting and lighting equipment. 

Believing that the United States would soon join the Allies in their 
struggle with Germany, Mr. Wadsworth decided to acquire some pre- 
liminary military training. He attended the Plattsburg Training 
Camp in the summer of 1916. This was the first of the Plattsburg 
camps and was under the direct supervision of Major-General Leonard 
Wood, U.S. Army. 

In April, 1917, Mr. Wadsworth became a member of the staff of 
Major Henry Souther as a civilian engineer in the Aviation Section 
of the United States Signal Corps. This group was directly in charge 
of the huge engineering program required to establish hundreds of fly- 
ing centers for training aviation cadets and construction companies for 
war service. On June 30, 1917, he was commissioned a captain in the 
Aviation Section of the Signal Corps, and on October 3 of the same 
year he was promoted to the rank of major. 

In October, 1917, at the request of the chief of the Bureau of Con- 
struction and Repair of the United States Navy Department, Major 
Wadsworth was detailed by the chief signal officer of the army to the 
Naval Aircraft Factory, at Philadelphia, Pa. He became chief engi- 
neer, and under his direction were manufactured many twin Liberty- 
engined, 7-ton flying boats for patrol and bombing by the Navy. He 
did an outstanding job of assembling an engineering organization for 
the factory and in carrying on, under the direction and in consulta- 
tion with the Bureau of Construction and Repair of the Navy De- 
partment, the engineering, drafting, experimental, and inspection 
work at the factory. 

After his discharge from the service on December 30, 1918, Major 
Wadsworth, with a group of aviation engineers, formed The United 
Aircraft Engineering Corporation, in New York. This firm was en- 
gaged in the development of air transport, airplane manufacturing, 
and the disposal of surplus war aircraft supplies. 

In 1921, he returned to his engineering practice and made several 
investigations and reports on industrial and economic surveys, prin- 
cipally within the automotive industry. In 1923, he became in- 
terested in the manufacture of electric washing machines and was 
made vice-president and general manager of the Conlon Corporation, 
in Chicago, Ill. 

In 1924 he became an official of the State of New York. Starting 
with an appointment as director of the Division of Operating and 
Planning Research of the Department of Architecture, he conducted 
a study for the basic determination of requirements, diagrammatic 
layouts, and operating details, involving the future expenditure of 
$80,000,000 for new state hospitals for the insane. Transferring in 
1928 to the Department of Correction as assistant commissioner, 
he became superintendent of prison industries, in charge of operations 
of industrial activities in all the correctic al institutions of New York 
State. The production of these prison shops was limited to about 
twenty lines, but had an annual value of about $2,000,000. He re- 
tired from active service on June 30, 1937, because of ill health, and 
died on the first of the following November. 

George Wadsworth was regarded by his associates, even from his 
undergraduate days, as a brilliant student of civic affairs as well as 
an experienced engineer. His studies in connection with public 
health and economic trends were an avocation which brought him in 
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touch with many of the forward looking statisticians of the United 
States. His reports, which he usually preferred to draw and type 
himself, reflected the skill of presentation which he inherited from his 
father, who during his later life became an amateur maker of many 
scientific instruments and whose eight-day astronomical clocks are 
worthy to be placed in scientific laboratories. In his personal rela- 
tionships, Major Wadsworth attracted the friendship of a wide circle 
of talented men in many walks of life. 

Mr. Wadsworth was elected a member of the A.S.M.E. in 1910. 
He was also a member of the American Society of Civil Engineers, 
Society of Automotive Engineers, and the Engineers’ and University 
clubs, New York. 

He married Alice Randie, at Albany, in 1902, and is survived by 
his widow and a son, George Randie Wadsworth, of New York.— 
[Adapted from memoir prepared by Lester D. GARDNER, New York, 
N.Y., Assoc. A.S.M.E., for the Transactions of the American Society 
of Civil Engineers. | 


HUGH KIERNAN WAGNER (1870-1936) 


Hugh Kiernan Wagner, a patent, trademark, and copyright lawyer 
of St. Louis, Mo., for 37 years, was born in that city on September 29, 
1870, and died there on July 14, 1936. His parents were Hugh Kier- 
nan and Mary Ann (Elliot) Wagner. He was graduated from the 
Central High School, St. Louis, in 1886, began the study of law in 
1892, was admitted to the bar of the Missouri Supreme Court in 1897, 
and began practicing under his own name in 1899. 

In the course of his legal career, Mr. Wagner was connected with 
many of the important patent litigations that were adjudicated in the 
courts of the United States, as well as writing the specifications of, 
drawing the claims for, and prosecuting many hundreds of applica- 
tions for patents. These applications and numerous briefs written 
in ecnnection with the cases in which he acted as counsel were scien- 
tific discussions of technical subjects in mechanics, chemistry, and 
other sciences. 

Mr. Wagner was a member of the bar of the Supreme Court of the 
United States and acted as special counsel for the City of St. Louis 
from 1915 to 1918. In 1919, he was elected to the Missouri Legisla- 
ture for a two-year term, and he was a member of the Board of Free- 
holders for the City of St. Louis in 1925 and 1926. 

Mr. Wagner was a Shakespearian student and belonged to the 
Authors Club of St. Louis and the Shakespeare Tercentenary Society, 
as well as to the Missouri Historical Society and the Engineers’ Club 
of St. Louis. He was the author of a paper, ‘‘Mechanical Equiva- 
lents,’’ which was presented before the patent section of the American 
Bar Association in 1910, and of a book, ‘‘Damages, Profits, and Ac- 
counting in Patent, Copyright, Trademark, and Unfair Competition 
Cases,’ which was published in 1926. 

He became an associate of the A.S.M.E. in 1919. His widow, 
Annette Elliott (Hill) Wagner, whom he married in 1893, and two 
sons, Elliott Goodwyn and Paul Brookes Wagner, survive him. 


CLARENCE L. WAITE (1883-1936) 


Clarence L. Waite was born in Cleveland, Ohio, on September 9, 
1883, son of Charles Eugene and Amelia (Lauer) Waite. He pre- 
pared for college at the Central Manual Training High School, Phila- 
delphia, Pa., and was graduated from the University of Pennsylvania 
in 1905 with the degree of B.S. in mechanical engineering. The 
following year Mr. Waite was a special apprentice in the plant of the 
Westinghouse Air Brake Company,.Wilmerding, Pa., and; from 1906 
to 1908, supervised the installation of new air-brake equipment in 
motor and trailer cars belonging to the Northwestern Elevated Rail- 
road, Chicago, IIl. 

His connection with the oil industry, which continued until his 
death, began in 1908, when Mr. Waite accepted a position as engineer 
with the Standard Oil Company at Whiting, Ind. He was in charge 
of the design of refinery equipment, such as pressure, coke, asphalt, 
and steam stills, lubricating filter and acid plants, agitators, boiler 
houses, and similar structures, for five years. For part of this time, 
he also acted as city engineer of Whiting. In 1913, Mr. Waite was 
transferred to the Bayonne, N.J., refinery of the Standard Oil Com- 
pany as mechanical superintendent. His duties for the next thirteen 
years included supervising the design and all construction work in 
connection with tanks, stills, boiler houses, and refinery equipment. 
In 1926, he was promoted to the position of assistant superintendent 
of the refinery and placed in charge of process and mechanical equip- 
ment. Mr. Waite was appointed staff engineer to the manufacturing 
directors of the Standard Oil Company of New Jersey and transferred 
to the executive offices at New York, N.Y., in 1929, and held this 
position when he died on April 11, 1936. 

Mr. Waite became a member of the A.S.M.E. in 1930. He also be- 
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longed to the American Petroleum Institute and to the Masonic fra- 
ternity. He is survived by his widow, Ada (Macmillan) Waite, 
whom he married in 1911. 


LEO M. C. WEGNER (1878-1938) 


Leo M. C. Wegner, who became a member of the A.S.M.E. in 1937, 
died suddenly in Chicago, IIl., on May 19, 1938. He was recognized 
as one of the leading plywood engineers on the Continent and had had 
a responsible part in the designing and erection of all of the recent 
plywood operations. He came to the United States in 1935 with the 
idea of widening his field of activity and decided to become a citizen 
of this country. In his brief activity here he rendered valuable serv- 
ice to the plywood industry of the United States in persuading it to 
adopt many of the progressive features of European plywood manu- 
facture. 

Mr. Wegner was born on October 13, 1878, at Neumark, Germany, 
and was educated at the technical college at Mittweida and the tech- 
nical universities at Darmstadt and Karlsruhe, receiving a mechani- 
cal engineering degree from the latter in 1901. He remained at Karls- 
ruhe for two years as assistant to Professor Dr. J. Teichmueller. 
From 1903 to 1909 he was successively employed in Berlin by Berliner 
Electricitiitswerke, planning substations and supervising installations; 
by Gebriider Koerting Electricitiitswerke G.m.b.H., planning power 
plants and developing and constructing steel-hardening furnaces; 
and by Allgemeine Electricitiitsgesellschaft as chief of the department 
devoted to steel-hardening furnaces. 

For three years, beginning in 1909, Mr. Wegner was manager of the 
steel factory of the Darwin & Milner Co. Ltd., Sheffield, England. 
He then returned to Berlin, where he established his own firm to serve 
as technical representative of Thomas Firth & Sons Ltd., steel- 
makers, of Sheffield, and Diirener Metalwerke, of Diiren, Ger- 
many. He was also a partner in Duralumin Nordiske Afdeling, of 
Copenhagen, serving as consultant in the introduction of duralumin 
to the European market. 

During the World War Mr. Wegner was in charge of a department 
at the ordnance works at Spandau, with the rank of captain. Subse- 
quently he took up consulting work again, organizing plants and tech- 
nical sales. He was also editor of the periodical Wirtschaftliche Tech- 
nik from then until 1933. In 1921 he was appointed director of the 
associated veneer-press manufacturers and in 1924-1925 was director 
of Otto Pieron, veneer-press builder at Bocholt-Berlin. He continued 
his work as a consultant in Germany until 1935, contributing to the 
development of machinery, processes, and plants for the production 
and use of veneers and plywood, especially their technical uses. As 
consultant for Th. Goldschmidt A.-G., Essen Ruhr, Germany, he 
had an important part in developing the first resin glues. From 1919 
to 1933 he also served on many important committees for the Leipsic 
Fair. 

For several years prior to his death Mr. Wegner had been associated 
with Leo J. Alexander, New York, N.Y., representing Becker & Van 
Huellen, of Krefeld, Germany, in the introduction of hot-plate presses 
in the United States. 

Mr. Wegner was the author of ‘‘Furnier and Sperrholz,’’ a two-vol- 
ume handbook on plywood and veneers, published in Germany in 
1930 and 1931, as well as of a number of articles on steel-hardening, 
duralumin, and the plywood industry which appeared in the technical 
and trade press in Germany and in this country. Among these was 
his paper on ‘European Progress in Hot-Press Bonding of Plywood in 
the Last Ten Years,’”’ published in the Transactions of the A.S.M.E. 
for January, 1938. He had taken out numerous patents on special 
devices for presses and plywood construction. 

The Hardwood Record for June, 1938, contained the following 
tribute to his achievements: 

‘“‘Mr. Wegner had a long and successful and preeminent life in the 
development of the science of wood application in Europe. Through- 
out England and the Continent he was considered a ranking authority 
in the development of the technique of wood engineering and its ap- 
plication to modern art and industry.”’ 

Mr. Wegner is survived by his widow, Hertha Wegner, and by two 
sons, Helmuth and Gerhard. 


HENRY ROWND WILES (1888-1936) 


Henry Rownd Wiles, division superintendent for the New Mexico 
Power Company at Belen, N.Mex., died from heart trouble on June 
7, 1936, at Columbus, Ohio, where he was on leave of absence from 


27, 
his work in the hope of regaining his health. His widow, Ada 


(Enochs) Wiles, whom he married in 1908, and a brother, Bernard L. 
Wiles, of Albuquerque, N.Mex., survive him. 

Mr. Wiles was born at Columbus on July 6, 1888, his parents being 
He was graduated from the 


Charles Carol and Alice (Rownd) Wiles. 
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Xenia, Ohio, high school in 1904 and attended The Ohio State Uni- 
versity in 1905 and 1906. During 1907 and 1908 he was employed by 
the Jeffrey Manufacturing Company, Columbus, in the Mine Locomo- 
tive Department, and from then until 1911 he was connected with the 
Municipal Light Plant in Columbus. 

From 1911 to 1915 Mr. Wiles was assistant to the manager of the 
Olean Electric Light & Power Co., Olean, N.Y., with miscellaneous 
duties in connection with the operation of a small central station. 
His next employment, which covered the ten years from 1915 to 1925, 
was with the Public Service Electric Company (New Jersey) and its 
affiliate, the Publie Service Production Company. From 1915 to 
1917, Mr. Wiles worked on a construction project at the Essex gener- 
ating station at Newark, N.J., and then spent five years supervising 
the installation of 12,500-kw turbogenerators with condensers and 
auxiliary equipment in the Perth Amboy and Burlington, N.J., gen- 
erating stations, and the rebuilding of boilers, stokers, and coal-han- 
dling equipment at the latter station; the rebuilding of boilers and the 
installation of stokers and fans at the Camden, N.J., generating sta- 
tion; and the installation of a 12,500-kw turbogenerator with con- 
denser and auxiliary equipment and the rebuilding of the coal-han- 
dling equipment at the Marion generating station, Jersey City, N.J. 
He was appointed superintendent of the mechanical construction de- 
partment with the Public Service Production Company in 1922, when 
that organization was formed to handle engineering and construction 
work for the Publie Service Electric & Gas Co. and its subsidiaries, 
and had general charge of a construction program that involved the 
expenditure of more than $15,000,000 and gave employment to 1000 
men during the construction of a power station with an initial installa- 
tion of 200,000 kw, a 90,000-kw addition to another station, several 
substations, and an office building and several installations of mis- 
cellaneous power station equipment. 

Upon the completion of this program in 1925, Mr. Wiles organized 
the Enochs-Wiles Company, Columbus, Ohio, to engage in residential 
building and real estate development and was elected its president. 
He retained his connection with this company until 1933, although he 
was located at Houston, Tex., as vice-president of the Petroleum Iron 
Works, Sharon, Pa., from 1926 to 1928 and was in charge of sales, 
fabrication, and erection of structural steel and plate work. In 1933, 
he accepted the position of superintendent of the Belen Division of the 
New Mexico Power Company and had charge of two utility properties 
at Belen until early in 1936 when ill health compelled him to take a 
leave of absence and return to Ohio, where he died. 

Mr. Wiles became a member of the A.S.M.E. in 1924. He also be- 
longed to the New Jersey Society of Professional Engineers and Land 
Surveyors and the Masonic fraternity. 


WILLARD JAY WOODCOCK (1863-1936) 


Willard Jay Woodcock, a retired marine and refrigerating engineer 
and inventor, died on April 2, 1936, at his home in Brooklyn, N.Y., 
from a heart attack. He was born on December 4, 1863, at Auburn, 
N.Y., son of Leonard M. and Martha (Gillette) Woodcock. His 
education was obtained at the Auburn Academic High School and he 
received a Regents’ Certificate in 1879. 

Although definite information is lacking regarding his early business 
eareer, Mr. Woodcock apparently followed the sea for a time, as in 
1894 he was granted a chief engineer's license for ocean steamers of 
any tonnage entering the port of New York. He entered the employ 
of the Block Light & Power Co., New York, N.Y., in 1897 as chief 
engineer and remained there until November 1, 1898, during the latter 
part of the time as superintendent. A change in the ownership of 
the company took place during this period, and Mr. Woodcock’s next 
work was with the former president of the company as consulting and 
chief engineer in connection with plans for a proposed 1000-ton ice 
plant. There is no record that such a plant was constructed, but 
about 1899 Mr. Woodcock superintended the installation of a plant 
for the Kings County Refrigerating Company at 30 Hall Street, 
Brooklyn. During several years spent with this company as chief 
engineer he also made many improvements resulting in economies in 
operation and maintenance. 

Mr. Woodcock continued work in the refrigeration industry until 
1908. He built a 200-ton ammonia absorption machine for the In- 
dependence Ice & Coal Co., Pittsburgh, Pa.; was chief engineer for a 


_time of the American Ice Manufacturing Company, Brooklyn; served 


as consulting engineer on the design, construction, and installation of 
a 40-ton plate-ice plant for the Mineral Spring Ice Company, Bethle- 
hem, Pa.; was sales and supervising engineer of the Buffalo Refrigerat- 
ing Machine Company (at that time located in New York, now in 
Brooklyn); and as general contractor, designed and constructed a 40- 
ton plate-ice plant for the Atlantic City (N.J.) Ice & Coal Co. 

Mr. Woodcock was a member of the Consolidated Stock Exchange 
from 1908 to 1911, but this venture was not a financial success and he 
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then engaged in the manufacture of rubber tires on his own account. 
The World War affected the business adversely, and in 1915 Mr. 
Woodcock returned to the shipping industry and was granted a 
license as chief engineer of motor vessels of any tonnage, Port of New 
York. He was in charge of the oil engines on the triple-screw tanker, 
M.V. Bramell Point, which made a voyage from New York to Lisbon 
and return in 1916, the first American-built motor merchant vessel to 
cross the Atlantic. He also installed oil engines on three wooden 
schooners built in Georgia in 1917, the Nissequoque, Rassapec 2, and 
Sherewog. 

Early in 1922, Mr. Woodcock became power plant superintendent 
for the Olean, Bradford & Salamanca Railway Co. at Olean, N.Y. 
This plant, serving a road about one hundred miles in length, had, in 
addition to several natural gas engines, a Diesel-electric generating set 
in which Mr. Woodcock was much interested because of its possible 
high efficiency. On November 15, 1923, he entered upon the duties 
of chief engineer at the Jersey City, N.J., plant of The Baker Castor 
Oil Company, of New York. This association continued until the 
spring of 1931. Subsequently he was engaged in the manufacture of 
an underfeed coal stoker for boilers. 

Mr. Woodcock was the author of a handbook, ‘‘How to Start 
Marine Engines in a Cold Ship,”’ which was published in 1922. Thir- 
teen patents, a number of which related to refrigeration and ice mak- 
ing, were granted to Mr. Woodcock between 1900 and 1929. His 
versatility as an inventor is shown by the fact that the other patents 
were for such dissimilar devices as a power hinge, automobile tire, 
piston for internal-combustion engines, fuel-oil pump, oil-engine 
timer, and an automatic stoker. 

Mr. Woodcock became a member of the A.S.M.E. in 1922 and was 
a member of the Masonic fraternity. He is survived by his widow, 
Augusta A. (Huebner) Woodcock, whom he married in 1886, and by 
two daughters, Carolyn Beatrice Woodcock and Mrs. Allen J. (Wood- 
cock) Noake, all residents of Brooklyn. A son, Frank W. Woodcock, 
died in 1935. 


WILLIAM CLARKE WROE (1894-1936) 


William Clarke Wroe was born on March 15, 1894, at Baltimore, 
Md., son of John Catesby and Lucy (Clarke) Wroe. His education 
included four years at the Baltimore Polytechnic Institute and his 
first employment, during the latter part of 1913, was with the Mary- 
land State Roads Commission, as engineer inspector of road and 
bridge construction. This was followed by a brief engagement in 
connection with road construction for a private estate. 

From March, 1914, to January, 1916, Mr. Wroe was employed by 
the Baltimore City Water Department. During the first eight 
months he was instrument man and assistant resident engineer en- 
gaged in road and bridge construction in connection with the Lock 
Raven reservoir, then he was transferred to Baltimore, where he was 
an engineer inspector on concrete and steel-pipe construction and 
also on tunnel work connected with the laying of a water-supply main 
for Baltimore. 

From January, 1916, to October, 1917, Mr. Wroe was associated 
with the Pennsylvania Compensation and Rating Bureau as an in- 
spector of steam, electrical, and elevator installations in factories at 
Philadelphia. He left this work to enter the U.S. Navy, where, dur- 
ing a year of sea duty, he was advanced from second-class machinist’s 
mate to chief machinist’s mate. In September, 1918, he was trans- 
ferred to the U.S. Naval Academy at Annapolis, where he took a four- 
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months’ course in engineering. Upon the completion of this course, 
he was commissioned as an engineering ensign and assigned to duty as 
an engineer officer on American naval vessels operating with the 
British Grand Fleet in the North Sea. 

Mr. Wroe was discharged from the Navy in October, 1919, and ac- 
cepted a position with the American Mutual Liability Insurance Com- 
pany. After inspecting factories, elevators, and steam and electrical 
installations and supervising accident-prevention work for 18 months, 
he was promoted to the district managership of the company’s engi- 
neering department, with offices at Atlanta, Ga. He had been in 
charge of engineering work in the Carolinas, Tennessee, Georgia, 
Florida, Alabama, Mississippi, Louisiana, and Texas for more than 
15 years at the time of his death. 

When the Naval Reserve was organized in 1925, Mr. Wroe was re- 
commissioned as an officer. He was promoted to the rank of lieu- 
tenant, senior grade, in 1929, and was placed in command of the First 
Division, First Battalion, in Atlanta. Under his command, the di- 
vision made an enviable record and, in 1933, won the highest trophy 
awarded any naval reserve unit. 

Mr. Wroe died on May 18, 1936, in a private hospital at Charlotte, 
N.C., after a brief illness from meningitis. He is survived by his 
widow, Kathleen (Warner) Wroe; a daughter, Kathleen Wroe; and 
a son, William Clarke Wroe, Jr.; also by a brother, P. C. Wroe, of 
Glyndon, Md. 

He became an associate-member of the A.S.M.E. in 1923 and was 
automatically transferred to full membership in 1935. Mr. Wroe 
was active in the work of the Atlanta Section and was serving as its 
chairman when he died. He was secretary-treasurer in 1933-1934 
and vice-chairman in 1934-1935. 


HANNIBAL ANGELO YOTTA (1877-1936) 


Hannibal Angelo Yotta died on February 6, 1936, in Elizabeth, 
N.J., after an illness of approximately three years. 

Mr. Yotta was born on November 30, 1877, at Cremona, Italy, son 
of Gildo and Caroline (Depoli) Yotta. He was educated in Italy, 
completing a technical course at the University in Cremona in 1894, 
and during the next four years served an apprenticeship in Genoa, se- 
curing practical experience in shop work and designing. 

He came to this country in 1899 and between then and 1910 was 
employed by the American Tobacco Company in New York as tool 
and die maker; by the Singer Manufacturing Company, Elizabeth, 
N.J., in a similar capacity; and by a New York manufacturer of em- 
broidery machines, as designer. From 1910-1913 he was engaged in 
systematizing and experimental work with Mieselbach Bros. Com- 
pany, Newark, N.J. This employment was followed by a year with 
the Star Electric Company, also of Newark, where he was in charge of 
die work. He then took the position of superintendent at the Tisch 
Machine Tool & Die Works, Elizabeth, where he remained until 1918, 
when he became associated with the D. & D. Machine & Tool Co., 
Inc., Elizabeth, as works manager. He continued with this company, 
of which he was part owner, until his death, having served as treasurer 
and general manager since 1918. He was also consulting engineer 
for the United Engineering Corporation, Kenilworth, N.J., for a time. 

Mr. Yotta became a naturalized citizen of the United States in 1918 
and a member of the A.S.M.E. in 1929. His widow, Frances (Mar- 
coni) Yotta, whom he married in 1898, and two daughters, Linda 
(Mrs. Raymond P.) Smith, and Carolyn (Mrs. Kenneth F.) Bowkett, 
survive him. 
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Swarthmore...... Swarthmore College 

Villanova........ Villanova College 

Wilkes-Barre... .. Public Library 

Rhode Island 
Kingston...... . Rhode Island State College 


Providence....... Brown University 
Providence Engineering Society 


Public Library 


South Carolina 


Clemson College. . Library, Clemson College 


South Dakota 


Brookings...... South Dakota State College 
Tennessee 
Kingsport........ Public Library 
Bnorville.......; University of Tennessee 
Memphis.........Goodwin Institute 
Nashville........ Vanderbilt University 
Texas 
College Station. .. Agricultural & Mechanical College of Texas 
Southern Methodist University 
Bl Paso. Public Library 
Fort Worth...... Carnegie Public Library 
Rice Institute 
Public Library 
Lubbock.........Texas Technological College 
San Antonio...... Carnegie Library 
Utah 
Salt Lake City....University of Utah 
Public Library 
Vermont 
Burlington....... University of Vermont 
Virginia 
Blacksburg....... Virginia-Polytechnic Institute 
Charlottesville. ... University of Virginia 
Public Library 
Richmond........ Virginia State Library 
Washington 


Pullman.......... State College of Washington 
Public Library 

Engineers Club 

University of Washington 


Spokane......... Public Library 
West Virginia 
Morgantown..... West Virginia University 
Wisconsin 
Maciwon......... Library, University of Wisconsin 
Milwaukee....... Publie Library 


Vocational School Library 
Marquette University 


Wyoming 


Laramie......... Wyoming University 


2 
ae New York 
Brooklyn......... 
ad North Carolina 
Chapel Hill...... 
Grand Forks. ... 
Cincinnati....... 
Cleveland........ 
Columbus........ 
aS 
Norman........ 


Depositories for A.S.M.E. Transactions Outside the 
United States 


Argentine 


Buenos Aires... . . 


Australia 
Adelaide........ 
Melbourne 
Perth... 
Sydney. 


Belgium 

Louvain. . 
Brazil 

Rio de Janeiro. . 


Sao Paulo 
Canada 
Montreal 


Toronto. ... 
Chile 


Santiago 


China 


Cuba 


Czechoslovakia 


Danzig Free City....... 


Denmark 
Copenhagen 


England 
Birmingham 
Bristol. ... 
Cambridge 
Leeds... . 


Liverpool... . 


London... 


Manchester... . 


Germany 


Cologne (K6ln).. 


Biblioteca de la Sociedad Cientifica 


.Public Library of Adelaide 


Public Library of Victoria 
University of Western Australia Library 
Public Library, N. S. W., Sydney 


University of Louvain 


Bibliotheca da Escola Polytechnica 
Bibliotheca Nacional 


.Bibliotheea da Escola Polytechnica 


McGill University 
Engineering Institute of Canada 


. University of Toronto, Library 


Universidad de Chile, Facultad de Ciencias 
Fisicas y Matematicas (Engg. School) 


College of Technology of Peiping University 


.Cuban Society of Engineers 


Masarykova Akademie Prace 
Society of Czechoslovak Engineers 


. Bibliothek der Technischen Hochschule 


. The Royal Technical College 


Birmingham Public Libraries 


University of Bristol 


.University of Cambridge 
. University of Leeds 


Publie Library of Liverpool 

Liverpool Engineering Society 

City & Guild Engineering College 

Institution of Automobile Engineers 

The Institution of Mechanical Engineers 

Institution of Civil Engineers 

Institution of Electrical Engineers 

The Junior Institution of Engineers 

The Royal Aeronautical Society 

Manchester Public Libraries 
Library) 

University of Oxford 


(Reference 


.The North East Coast Institution of Engi- 


neers and Shipbuilders 
Sheffield Public Libraries 


Cardiff Public Library 


University of Lyons 
Scole Nationale des Arts et Metiers 
Ecole Nationale Supérieure de L’Aeronau- 
tique 
Ecole Centrale des Arts et Manufactures de 
Paris 
Société des Ingénieurs Civils de France 


Verein deutscher Ingenieure 
Bibliothek der Technischen Hochschule 
Bibliothek der Technischen Hochschule 


.Universitits- und Stadtbibliothek 


Germany (Continued) 


Dresden....... 
Diisseldorf.... . 


Frankfort 
Hamburg 


Hanover 
Karlsruhe 
Leipzig 
Munich. . 


Stuttgart. 
Hawaii 
Honolulu 


Holland 


Amsterdam. 
Delft. . 

The Hague 
Rotterdam 


India 


Bangalore 
Calcutta 
Poona... 
Rangoon 


Ireland 
Belfast 


Italy 
Milan. . 


Naples 
Rome. . 


Turin... 
Japan 

Kobe 

Tokyo... 

Yokohama. . 


Mexico 
Mexico City...... 


Norway 


Poland 
Warsaw.... 


Puerto Rico 
Mayaguez........ 


Portugal 
Lisbon....... 


Roumania 
Bucharest........ 


South Africa 
Cape Town....... 
Johannesburg.... . 
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. Biicherei 


.Den Polytekniske Forening 


.Bibljoteka Publicazna 


Institute Superior Technico 


Bibliothek der Technischen Hochschule 

des Vereines deutscher Eisen- 
hiittenleute 

Technische Zentralbibliothek 

Bibliothek der Technischen Staatslehran- 
stalten 

Bibliothek der Technischen Hochschule 


.Bibliothek der Technischen Hochschule 


Stadtbibliothek 

Bibliothek der Technischen Hochschule 
Bibliothek des Deutschen Museums 
Bibliothek der Technischen Hochschule 


University of Hawaii Library 


.Koninklijke Akademie von Wetenschappen 


Bibliotheek der Technische Hoogeschool 


.Koninklijk Instituut van Ingenieurs 
. Nationaal Technisch Scheepvaartkundig In- 


stitut 


Mysore Engineers Association 
Bengal Engineering College 
Poona College of Engineering 
University of Rangoon 


Queen's University of Belfast 


.Biblioteea della R. Scuola d' Ingegneria 


Comitato Autonomo per l|'Esame della 


Invenzioni 


_Biblioteca della R. Scuola d' Ingegneria 
. Biblioteea della R. Scuola d' Ingegneria 


Consiglio Nazionale delle Ricerche presso il 
Ministero della Educazione Nazionale 


_Biblioteea della R. Scuola d’Ingegneria 


Kobe Technical College 


.Imperial University Library 


The Society of Mechanical Engineers 
Library of Yokohama 


Asociacion de Ingenieros y Arquitectos de 
Mexico 

Library of the Escuela de Ingenieros 
Mecanicos y Electricistas 


University of Puerto Rico 


Scoala Polytechnica din Bucharest 


Royal Technical College 
Mitchell Library 


University of Cape Town 
South African Institute of Engineers 
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Sweden 


Stockholm 


Gothenburg 
Switzerland 
Zurich 
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Kungl. Tekniska Hogskolan 
Svenska Teknologféreninger 
Chalmers Tekniska Institut 


Bibliothek der Eidg. Technischen Hoch- 
schule 


Turkey 
Istanbul 
U.S.S.R. 
Kharkov 
Leningrad 


Moscow 


Tomsk 


Robert College 


Supreme Economie Council of Ukraine 
Leningrad Polytechnic Institute 
Supreme Council of National Economy 
Tomsk Polytechnic Institute 
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Indexes to A.S.M.E. Papers and 


Publications 


HE following pages will serve as a guide to the current 
fe Bet of the A.S.M.E. during the calendar year 1988, 
and also to publications developed by the technical committees. 
The publications of the Society are as follows: 


REGULAR SOCIETY PUBLICATIONS, 1938 
Mechanical Engineering, monthly (see index on pages RI-97 
108) 
A.S.M.E. Transactions, monthly (see index on pages RI-109 
120) 
Mechanical Catalog, 1939 edition 
SPECIAL PUBLICATIONS ISSUED IN 1938 
1937 Oil Engine Power Cost Report 
1937 Proceedings of Graphic Arts Technical Conference 


Creep Data 
General Discussion on Lubrication 
Standards 


Time-Series Charts 

Cast-Iron Pipe Flanges and Flanged Fittings for Maximum 
WSP of 125 Ib 

Steel Pipe Flanges, and Flanged Fittings for Maximum WSP 
of 150 to 2500 Ib 


Power Test Codes 


Steam Condensing Apparatus 

Hydraulic Prime Movers 

Instruments and Apparatus, Part 2, Pressure Measurement, 
Chapter 4 on Bourdon, Bellows, Diaphragm, and Deadweight 
Gages 


Safety 


Unfired Pressure Vessel Code for 
Liquids and Gases 


Papers Presented at A.S.M.E. 
Meetings, 1938 


HE complete technical programs of the meetings of the 

Society and of its Professional Divisions have been published 
in Mechanical Engineering and may be located by consulting the 
index on pages RI-97-108. A considerable number of papers 
and reports included in these programs were not published during 
the year in either Transactions or Mechanical Engineering, but 
were issued in mimeographed or photo-offset form. Complete 
sets of these are on file for reference purposes at the office of the 
Society and the Engineering Societies Library, under the title of 
“Miscellaneous Papers Presented at A.S.M.E. Meetings, 1938.” 
Photostatie copies of any of the papers may be secured from the 
Library at regular rates. A list of these papers and reports 
follows: 


Petroleum 


MISCELLANEOUS PAPERS PRESENTED AT A.S.M.E. 
MEETINGS IN 1938—-NOT PUBLISHED 


Barnes, C. A., Some Aspects of Combustion in Small Underfeed 
Stokers 


Bean, W. R., The Use of Pulverized Coal in Metallurgical Furnace 
Firing 

Benper, F. W., The Effect of the Enclosed Ink Foundation on In- 
taglio Printing 

BERNHARDT, HERMAN A., Color Offset Printing 

Branbt, Car, Super-Draft Roving 

CLEGHORN, M. P., lowa Coal as a Domestic Stoker Fuel 

Connor, T. B., Municipal Lighting and Power Systems 
Town” With Diesel Power 

Cooke, Harte, Piston Rings and Cylinder Wear 

Cummins, C. L., Recent Developments, Applications, and Trends of 
High-Speed Diesel Engines 

Darron, T. E., Engineering and the Graphic Arts 

DeGLerR, Howarp E., Five Years’ Progress of Oil and Gas Power 

Dunn, J. C., Progress and Problems in Printing Rollers 

FenHse, E., Color-Printing Progress Session 

Granam, J. J., Operating Experiences With Gas-Fuel Diesel Engines 

Herron, James H., The History and Development of Woodworking 
Hand Tools 

Keppter, P. W., Operating Experiences and Graphical Analysis of 
Automatic Combustion Control 

Koppurn, Karz, Liquid Resin as a Plywood Adhesive 

Lowe, R. P., Application of an Asymptotic Reset Controller to Sew- 
age Settling Basins 

MacArtuur, CHARLES, Rapid-Drying Inks on Web-Fed Presses 

Mancua, RaymMonp, Factory Testing Propeller Mine Fans 

McCapse, L. C., anp Rees, O. W., The Effect of Preparation on Ash 
Fusibility as Revealed by a Study of Selected Illinois Mines | 

Merriam, Paut A., Recent Developments in Wet Finishing and 
Dyeing Machinery 

Norris, CHARLES B., The Elastic Theory of Wood Failure 

Passano, W. M., Employer-Employee Relations—Wages 

Peuuissier, M. Raout, Color Rotogravure Printing 

Progress Statement by.Engine Manufacturers 

SCHREIBER, Martin, Diesel-Electric Bus Operation 

SHAUGHNESSY, J. B., Rubber Plates in the Graphic Arts 

Situ, FE. W. P., Cost of Welding and Welded Products—Factors In- 
volved—Economics 

Spencer, E. R., Essential Factors Contributing to the Success of a 
Maintenance Program for Diesel Engines 

SpivzG.ass, ALBERT F., Quantitative Analysis of Single-Capacity 
Processes 

Sretson, G. L., Latest Developments in Diesel-Fuel Testing 

Srorcu, H. H., Fretpner, A. C., Coal Hydrogenation, Bureau 
of Mines Experimental Plant 

Srveve, W. H., Trends, Load Characteristics, and Efficiencies of 
Power Applications for Pumping Oil Wells 

Surron, H. M., Reduction of Woodworking Wastes and Labor Costs 
in Rough Dimensioning 

Taybtor, Mechanical Equipment for Fabric Printing 

Treiper, O. D., Recent Developments in Automotive-Type Diesel 
Engines 

Van Poppe.en, F. J., Factory Layout and Safety 

Weser, E. F., The Diesel Engine in High-Speed Railroad Service 

WHITEHEAD, WILLARD J., Modern Governing Equipment for Inter- 
nal-Combustion Engines 

Wiuturamson, W. W., Manufacturing Insulation Material From a 
Former Forest Waste 


“Go to 


Publications Developed by the Technical 
Committees 


HE Society’s technical committees, the first of which was 
organized many years ago and all of which have been con- 
tinuously at work on codes, standards, research, and other 
special reports, have developed a series of publications of per- 
manent value to the membership. The following list is first 
presented here for record and for ready reference. This list 
covers the entire group of publications of these committees com- 
pleted to date which are now available. 
To assist the members in securing copies of these publications 
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RI-94 


the sale price is also given. A discount of 10 per cent is allowed 
to A.S.M.E. members on standards and a 20 per cent discount 
on all other publications except where otherwise noted. 


RESEARCH 


Dynamic Loads on Gear Teeth (1932), $1.50 

Fluid Meters: 
Part 1—Theory and Application (1937), $3.00 
Part 2—Description of Meters (1931), $1.75 
Part 3—Selection and Installation (1933), $1.50 

Report of the AGA-ASME Committee on Orifice Coefficients (1935), 
$2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Roll-Neck Bearings (1935), $1.50 

Bibliography on Cutting of Metals (1866-1930), $1.25 

Bibliography on Deterioration of Condensing Equipment (1845- 
1930), $1.25 

Bibliography on Effect of Temperature Upon Properties of Metals 
(1828-1931), $1.25 

Bibliography on Management Literature and Supplement (1903- 
1935), $2.75 

Bibliography on Mechanical Springs (1678-1927), $1.25 

Bibliography on Woods of the World (1928), $1.25 

Bibliography on Marketing Research (1935), $1.00 


POWER TEST CODES 


Test CopEs FOR 


Atmospheric Water-Cooling Equipment (1930), $0.45 
Centrifugal and Rotary Pumps (revision in preparation) 
Compressors and Exhausters (1935), $0.95 

Displacement Compressors and Blowers (revision in preparation) 
Evaporating Apparatus (1927), $0.50 

Feedwater Heaters (1927), $0.35 

Gas Producers (1928), $0.55 

Hydraulic Prime Movers (1938), $0.60 

Internal-Combustion Engines (1930), $0.55 

Liquid Fuels (1930), $0.35 

Reciprocating Steam Engines (1935), $0.65 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 
Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 

Stationary Steam-Generating Units (1936), $0.60 

Steam Condensing Apparatus (1938), $0.65 

Steam Locomotives (1927), $0.55 

Steam Turbines (1928), $0.55 


SUPPLEMENTARY CODES AND PUBLICATIONS 


Definitions and Values (1931), $0.40 
General Instructions (1929), $0.35 
Instruments and Apparatus— 
Part 1—General Consideration (1935), $0.35 
Part 2—Pressure Measurement; Chapter 1, Barometers, and 
Chapter 6, Tabics, Multipliers and Standards (1929), $0.35 
Part 2—Pressure Measurement; Chapter 2, Static and Total 
Pressure, Static Holes and Tubes, Impact Tubes, and Chapter 
3, Pipes for Pressure Measurements (1936), $0.65 
Part 2—Pressure Measurement; Chapter 4, Bourdon, Bellows, 
Diaphragm, and Deadweight Gages (1938), $0.65 
Part 3—Temperature Measurement; Chapter 1, General; Chapter 
5, Pyrometric Cones; Chapter 6, Liquid-in-Glass Thermome- 
ters; and Chapter 7, Bourdon Tube Thermometers (1931), $0.75 
Part 3—Temperature Measurement; Chapter 2, Radiation 
Pyrometers (1936), $0.55 
Part 3—Temperature Measurement; Chapter 8, Optical Pyrome- 
ters (1933), $0.35 
Part 4—Head Measuring Apparatus (1933), $0.35 
Part 6—Electrical Measurements (1934), $1.25 
Part 9—Heat of Combustion (1932), $0.40 
Part 10—Flue and Exhaust Gas Analyses (1936), $1.35 
Part 11—Determination of Quality of Steam (1931), $0.45 
Part 12—Measurement of Time (1932), $0.35 
Part 13—Speed Measurements (1930), $0.45 
Part 14—Linear Measurements (1936), $0.55 
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Part 15-—Measurement of Surface Areas (1937), $0.75 

Part 16—-Density Determinations (1931), $0.30 

Part 17—Determination of the Viscosity of Liquids (1931), $0.45 

Part 18—-Humidity Determinations (1932), $0.50 

Part 20—Smoke-Density Determinations (1936), $0.65 

Part 21—Leakage Measurement, Chapter 1, Condenser Leakage 
Tests (1928), $0.35 

Part 21—Leakage Measurement; Chapter 2, Boiler and Piping; 
Chapter 3, Steam Engine Leakage (1932), $0.35 


BOILER CODE 


Power Boiler Code (1937) Including Materials Specifications and 
1938 Addenda, $2.50 

Locomotive Boiler Code (1935) with 1936-1938 Addenda, $0.55 

Low-Pressure Heating Boiler Code (1935) with 1936-1938 Addenda, 
$0.65 

Miniature Boiler Code (1935) with 1936-1938 Addenda, $0.50 

Suggested Rules for Care of Power Boilers (1935), $0.70 

A.S.M.E. Unfired Pressure Vessel Code (1937) with 1938 Addenda, 
$0.75 

A.S.M.E. Boiler Construction Code, Combined Edition (1937) with 
1938 Addenda, $5.50 

Boiler Code Interpretation Sheets, $1.25 per set with binder. 

sheets, $0.15 

Annual Subscription, $2.50 


Single 


STANDARDS 


MacuHINE Suop Practice STANDARDS 


Shafting and Stock Keys (B17.1—1934), $0.45 

Code for Design of Transmission Shafting (B17¢e—1927), $0.75 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

American Standard Screw Threads for Bolts, Nuts, Machine Screws, 
and Threaded Parts (B1.1—1935), $0.60 

Wrench-Head Bolts and Nuts and Wrench Openings (B18.2—1933), 
$0.50 

Slotted Head Proportions; Machine Screws, Cap Screws, and Wood 
Screws (B18c—1930), $0.45 

Track Bolts and Nuts (B18d—1930), $0.40 

Round Unslotted-Head Bolts, Carriage, Step, and Machine Bolts 
(B18e—1928), $0.40 

Plow Bolts (B18f—1928), 30.35 

Tinners’, Coopers’, and Belt Rivets (BISg—1928), $0.35 

Rotating Air Cylinders and Adapters (B5.5—1932), $0.35 

Jig Bushings (B5.6—1935), $0.35 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1927), $0.35 

Tool Holder Shanks and Tool Post Openings (B5b—1929), $0.25 

Milling Cutters (B5c—1930), $0.75 

Taps—Cut and Ground Threads (B5e—1930), $0.50 

Spur Gear Tooth Form (B6.1—1932), $0.45 

Gear Materials 2nd Blanks (B6.2—1933), $0.50 

Shaft Couplings (B49—1932), $0.35 

Drawings and Drafting Room Practice (Z14.1—1935), $0.50 

Small Rivets (B18a—1927), $0.30 

Large Rivets: '/2 in. diameter and larger (B18.4—1937), $0.65 

Socket Set Screws and Socket Head Cap Screws (B18.3—1936), $0.40 

Circular and Dovetail Forming Tool Blanks (B5.7—1936), $0.40 

Chucks and Chuck Jaws (B5.8—1936), $0.45 

Lathe Spindle Noses (B5.9—1936), $0.50 

Large Rivets (B18.4—1937), $0.65 

Machine Tapers (B5.10—1937), $0.50 

Adjustable Adapters (B5.11—1937), $0.50 

Fire Hose Coupling Screw Thread (B26—1925), $0.25 

Hose Coupling Screw Threads (B33.1—1935), $0.25 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—-1931), $0.35 


Pipe AND FITTINGS 


Wrought-Iron and Wrought-Steel Pipe (B36.10—1935), $0.50 

Code for Pressure Piping (no discount) (B31.1—1935), $1.00 

Cast-Iron Pipe Flanges and Flanged Fittings for 25 Lb Maximum 
Saturated Steam Pressure (B16b2—1931), $0.40 

Cast-Iron Pipe Flanges and Flanged Fittings for 125 Lb Maximum 
Saturated Steam Pressure (B1l6a—1938), $0.60 

Cast-Iron Pipe Flanges and Flanged Fittings for 250 Lb Maximum 
Saturated Steam Pressure (B16b—1928), $0.50 

Cast-Iron Pipe Flanges and Flanged Fittings for 800 Lb Maximum 
Hydraulic Pressure (B16b1—1931), $0.35 
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Malleable-Iron Screwed Fittings for 150 Lb Maximum Saturated 
Steam Pressure (B16e—1927), $0.40 

Cast-Iron Screwed Fittings for 125 and 250 Lb Maximum Saturated 
Steam Pressure (B16d—1927), $0.35 

Steel Flanged Fittings and Flanged Fittings for 150 to 2500 Lb 
Maximum Steam Service Pressure (B16e—1938), $1.25 

Cast-Iron Long Turn Sprinkler Fittings for 150 and 250 Lb Maximum 
Saturated Steam Pressure (B16g—1929), and Addendum (Bl6g1 

1937), $0.50 

Scheme for the Identification of Piping Systems (A13—1928), $0.50 

Cast-Iron Soil Pipe and Fittings (A40.1—1935), $0.65 

Pipe Plugs (B16e2——-1936), $0.35 

Brass Fittings for Flared Copper Tubes (A40.2—1936), $0.35 


LETTER AND GRAPHICAL SYMBOLS 


Symbols for Mechanics, Structural Engineering and Testing Materials 
(Z10a—1932), $0.25 

Symbols for Hydraulics (Z10b—1929), $0.35 

Symbols for Heat and Thermodynamics (Z10c—1931), $0.30 

Symbols for Photometry and Illumination (Z10d—1930), $0.20 

Aeronautical Symbols (Z10e—1929), $0.35 

Mathematical Symbols (Z10f—1928), $0.30 

Letter Symbols for Electrical Quantities (Z10g1—1929), $0.20 

Graphical Symbols for Electric Power and Wiring (Z10g2—1933), 
$0.20 

Graphical Symbols for Radio (Z10g3-—1933), $0.20 

Graphical Symbols for Electrical Traction Including Railway Signal- 
ing (Z10g5—1933), $0.40 

Graphical Symbols for Telephone and Telegraph Use (Z10g6 
$0.20 

Symbols for Electrical Equipment of Buildings (C10—1924), $0.20 

Abbreviations for Scientific and Engineering Terms (Z10i—1932), 
$0.40 

Time Series Charts (Z15.2—1938), $1.25 

Engineering and Scientific Charts for Lantern Slides (Z15.1 
$0.50 

Graphical Symbols for Mechanical Engineering ( Z14.2 


1929), 


1932), 


1935), $0.45 


SAFETY 


safety Code for Elevators (A17.1—1937) (10 per cent discount), $1.00 

Elevator Inspectors’ Manual (A17.2—1937) (10 per cent discount), 
30.75 

Safety Code for Mechanical 
per cent discount) (B15—1927), 


Power-Transmission 
$0.35 


Apparatus (10 


JOINT CODE 


\PI-ASME Code for Unfired Pressure Vessels for Petroleum Liquids 
and Gases (1938) (10 per cent discount), $1.00 


Biographies 


IOGRAPHIES issued under the sponsorship of the A.S.M.E. 
Biography Advisory Committee are as follows: 


Life of Henry Laurence Gantt, by L. P. Alford (1934), $5.00 

Biography of John Stevens, by Archibald Douglas Turnbull (1928), 
$5.00 

Autobiography of John A. Brashear (1924), $5.00 

Biography of James Hartness, by Joseph W. Roe (1937), $4.00 

Biography of Robert Henry Thurston, by William F. Durand (1929), 

Biography of John Edson Sweet, by Dean A. W. Smith (1925), $4.50 


Books on Special Subjects 


Hydraulic Laboratory Practice (1929), $10.00 

Bulletin 3, Munich Hydraulic Institute (1935), $3.75 

Hydraulic Structures (1937), $18.00 

1937 Oil Engine Power Cost Report (1938), $1.00 

Creep Data (1938) (no discount), $12.00 

General Discussion on Lubrication (1938) (no discount), $6.50 
Corrosion-Resistant Metals (1936), $1.25 

Proceedings of 1937 Graphic Arts Technical Conference (1938), $0.75 
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